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Welcome to the study of physics . This volume, more of a 
student's guide than a text of the usual kind, is part of a 
whole group of materials that includes a student handbook, 
laboratory equipment, films, programmed instruction* readers, 
transparencies, and so forth. Harvard Project Physics has 
designed the materials to work together. They have all been 
tested in classes that supplied results to the Project for 
use in revisions of earlier versions. 

The Project Physics course is the work of about 200 scien- 
tists, scholars,, ana teachers from all parts of the country, 
responding to a call by the National Science Foundation in 
1963 to prepare a new introductory physics cooxse for nation- 
wide use. Harvard Project Physics Wcis estaolished in 1964, 
on the basis of a two-year feasibility study supported by the 
Carnegie Corporation. On the previous pages are the names of 
our colleagues who helped during the last six years in what 
became an extensive national curriculum development program. 
Some of them worked on a full-time basis for several years; 
others were part-time or occasional consultants / contributing 
to some aspect of the whole course; but all were valued and 
dedicated collaborators who richly earned the gratitude of 
everyone who cares about science and the improvement of 
science teaching". 

Harvard Project Physics has received financial support 
from the Carnegie Corporation of New York, the Ford Founda- 
tion, the National Science Foundation / the Alfred P. Sloan 
Foiindation/ the United States Office of Education and Harvard 
University. In addition, the Project has had the essential 
support of several hundred participating schools throughout 
the United States and Canada / who used and tested the course 
as it. went through several successive annual revisions. 

The last and largest cycle of testing of all materials 
is now completed; the final version of the Project Physics 
course will be published in 1970 by Holt, Rinehart and 
Winston, Inc., and will incorporate the final revisions and 
improvements as necessary. Tc this end we invite our 
students and instructors to write to us if in practice they 
too discern ways of improving the course materials. 

The Directors 

Harvard Project Physics 
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months of twenty days each. 



Prologue . Curiously, the oldest science, astronomy, deals 
with objects which are now known to be the most distant. 
Yet to you and me, as to the earliest observers of the skies, 
the sun, moon, plane tF and stars do not seem to be far 
away. On a clear night they seem so close that we can al- 
most reach out and touch them. 

The lives of the ancient people, and indeed of nearly 
all people who lived before electric lighting, were dom- 
inated by heavenly events. The working day began when the 
sun rose and ended when the sun set. Human activity was dom- 
inated by the presence or absence of daylight and the sun's 
warmth, changing season by season. 

. Over the centuries our clock has been devised so we can 
subdivide the days, and the calendar developed so we can re- 
cord the passage of days into years, of aM the units used 
in regular life, "one day" is probably the most basic and 
surely the most ancient. For counting longer intervals, a 
"moon" or month was an obvious unit. But the moon is unsat- 
isfactory as a timekeeper for establishing the agricultural 
year. 

When, some 10,000 years ago, the nomadic tribes settled 
down to live in ^owns, they became dependent upon agricul- 
ture for their food. They needed a calendar for planning 
their plowing and sowing, indeed, chroughout recorded his- 
tory most of the world's population has been involved in 
agriculture in the spring. If the crops were planted too 
early they might be killed by a frost, or the seeds rot 
in the ground. But if they were planted too late, the crops 
might not ripen before winter came. Therefore, a knowledge 
of the times for planting and harvesting had high survival 
value. A calendar for the agricultural year was very impor- 
tant. The making and improvement of the calendar were often 
the tasks of priests, who also set the dates for the religious 
festivals. Hence, the priests became the first astronomers. 

Many of the great buildings of ancient times were con- 
structed with careful astronomical orientation. The great 
pyramids of Egypt, tombs of the Pharaohs, have sides that 
run due north-south, and east-west. The impressive, almost 
frightening, circles of giant stones at Stonehenge in Eng- 
land appear to have been arranged about 2000 BX. to permit 
accurate astronomical observations of the positions of the 
sun and moon. The Mayans and the Incas in America, as wexl 
as the Chinese, put enormous effort into buildings from 
which they could measure the changes in the positions of the 
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Even in modern times out'ioors- 
* men use che sun by day and the 
stars by night as a clock. Di- 
rections areMndicated by the 
sun at rising and setting time, 
and true south can be determined 
from the position of the sun at 
noon. The pole star gives a 
bearing on true north after dark. 
The sun is also a crude calendar, 
its noontime altitude varying 
with the seasons. 
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If you have never watched the 
night sky, start observations 
now. Chapters 5 and 6 are based 
on some simple observations of 
the sky. 
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Stonehenge, England, apparently 
a prehistoric observatory- 




Section of Babylonian clay tab- 
let, now in the British Museum, 
records the positions of Jupiter 
from 132 B.C. to 60 B.C. 



sun, moon and planets. Thus we know that for thousands of 
years men have carefully observed the notions of the heaven- 
ly bodies. 

At least as early as 1000 B.C. the Babylonians and Egyp- 
tians had developed considerable ability in timekeeping. 
Their recorded observations are now being slowly unearthed. 
But the Egyptians, like the Mayans and others, were inter- 
ested in practical forecasts and data-setting. To the best 
of our knowledge they did not try to explain their observa- 
tions other than by tales and myths. Our western culture 
owes much to the efforts of the Egyptians and Babylonians 
who carefully recorded their observations of heavenly cycles. 
But our debt is greatest to the Greeks who began trying to 
explain what was seen. 

The observations to be explained were begun out of idle 
curiosity, perhaps by shepherds to pass away the time, and 
later took on practical importance in calendar making. These 
simple observations became, during following centuries, the 
basis for one of the greatest of scientific triumphs: the 
work of Isaac Newton. The present unit tells how he united 
the study of motions on the earth with the study of motions 
in the heavens to produce a single universal science of 
motion. 




The Greeks recognized the contrast between forced and 
temporary motions on the earth and the unending cycles of 
motions in the heavens. About 600 B.C. they began to ask a 
new question: how can we explain these cyclic events in the 
sky in a simple way? What order and sense can we make of 
the heavenly happenings? The Greeks* answers, which are 
discussed in Chapter 5/ had an important effect on science. 
For example, as we shall see, the writings of Aristotle, 
about 330 B.C., became widely studied and accepted in western 
Europe after 1200 A.D., and were important in the scientific 
revolution that followed. 

After the conquests of Alexander the Great, the center of 
Greek thought and science shifted to Egypt at the new city 
of Alexandria, founded in 332 B.C. There a great museum, 
actually similar to a modern research institute, was created 
about 290 B.C. and flourished for many centuries. But as 
the Greek civilization gradually declined, the practical- 
minded Romans captured Egypt, and interest in science died 
out. In 640 A.D. Alexandria was taken by the Moslems as they 
swept along the southern shore of the Mediterranean Sea and 
moved northward through Spain to the Pyrenees. Along the 
way they seized and preserved many libraries of Greek 
documents, some of which v.'ere later translated into Arabic 
and seriously studied. During the following centuries the 
Moslem scientists made new and better observations of the 
heavens, although they did not make major changes in the, ex- 
planations or theories of the Greeks. 

During this time, following tne invasions by warring 
tribes from northern and central Europe, civilization in 
western Europe fell to a low level, and the works of the 
Greeks were forgotten. Eventually they were rediscovered by 
Europeans through Arabic translations found in Spain when 
the Moslems were forced out. By 1130 A.D. complete manu- 
scripts of one of Aristotle's books were known in Italy and 
in Paris. After the founding of the University of Paris in 
1170, many other writings of Aristotle were acquired and 
studied both there and at the new English Universities, Ox- 
ford and Cambridge. 

During the next century, Thomas Aquinas (1225-1274) blended 
major elements of Greek thought and Christian theology into 
a single philosophy* This blend, known as Thomism, was widely 
accepted in western Europe for several centuries. In achiev- 
ing this commanding and largely successful synthesis, Aquinas 
accepted the physics and astronomy of Aristotle. Because the 
science was blended with theology, any questioning of the 
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Louis XIV visiting the French 
Acaderay of Sciences, which he 
founded in the middle of the 
seventeenth century. Seen through 
the right-hand windo:: is the Paris 
Observatory, then under construc- 
tion. 



science seemed also to be a questioning of the theology. 

Thus for a time there was little criticism of th- Aristotelian 

science. 

The Renaissance movement, which spread out across Europe 
from Italy/ brought new art and new music. Also, it brought 
new ideas about the universe and man's place in it. Curiosi- 
ty and a questioning attitude became acceptable, even prized. 
Men acquired a new confidence in their ability to learn about 
the world. Among those whose work introduced the new age 
were Columbus and vasco da Gama, Gutenberg and da Vinci, 
Michelangelo and Diirer, Erasmus, Vesalius, and Agricola, 
Luther, and Henry vill. The chart opposite page 29 shows 
their life spans, within this emerging Renaissance culture 
lived Copernicus, whose reexamination of astronomical the- 
ories is discussed in Chapter 6. 

Further changes in astronomical theory were made by Kepler 
through his mathematics and by Galileo through his observa- 
tions and writings, which are discussed in Chapter 7. In 
Chapter 8 we shall see that Newton's work in the second half 
of the seventeenth century extended the ideas about earthly 
motions so that they could also explain the motions observed 
in the heavens — a magnificent synthesis of terrestrial and 
celestial dynamics. 




Great scientific advances can affect ideas outside science. 
For example, Newton's impressive work helped to bring a new 
sense of confidence. Man now seemed capable of understanding * 
a.n things in heaven and earth. This great change in attitude 
was a characteristic of the Age of Reason in the eighteenth 
century. To a degree, what we think today and how we run our 
affairs are still based on these events of three centuries 
ago. 

The decisive changes in thought that develope ik 
start of the Renaissance within a period of a century can be 
compared to changes during the past hundred years. This 
period might extend from the publication in 1859 of Darwin*? 
Origin of Species to the first large-scale release of atomic 
energy in 1945. Within this recent interval lived such 
scientists as Mendel and Pasteur, Planck and Einstein, Ruther- 
ford and Bohr. The ideas they and others introduced into 
science during the last century have had increasing importance. 
These scientific ideas are just as much a part of our time 
as the ideas and works of such persons as Roosevelt, Ghandi 
and Pope John XXIII; Marx and Lenin; Freud and Dewey; Picasso 
and Stravinsky; or Shaw and Joyce. If, therefore, we under- 
stand the way in which science influenced the men of past 
centuries, we shall be better prepared to understand how 
science influences our thought and lives today. 
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Chapter 5 Where is the Earth? - The Greeks' Answers 
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YOU can observe with the unaided ^.^^^ ^^^^^^ 



£1; Hoked'Bi^ AsffvK^rHi^ (c^.) Our Qne^non co/eKcfar v>/»ff 

S>1 Motions of the sun and stars . The facts of everyday astron- devised ^ keep itrie^ mantihs 
omy, the heavenly happenings themselves, are the same now as ^^^^S^l! Marthfll) can- 
in the times of the Greeks 

eye most of what they saw and recorded. You can discover 
some of the long-known cycles and rhythms , such as the sea- 
sonal changes of the sun's height at noon and the monthly 
phases of the moon. If our purpose were only to make ac- 
curate forecasts of eclipses and planetary positions, we 
could, like the Babylonians and Egyptians, focus our atten- 
tion on the cycles and rhythms. If, however, like the 
Greeks, we wished to explain these cycles, we must imagine 
some sort of relatively simple model or theory with which we 
can predict the observed variations. But before we can under 
stand the several theories proposed in the past, we must 
review the major observations which the theories were to 
explain: the motions of the sun, moon, planets and stars. 
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Each day the sun rises above your horizon on the eastern 
side of the sky and sets on the western side. At noon, half- p&f dffOAj.'ihe 

way between ounrise and sunset, the sun is highest above your ^pcfK onxori^ stars IS 
horizon. Thus, a record of your observations of the sun codled 1tae ecbj^t* * 

would be similar tr that shown in Fig. 5.1 (a). Every day 
the same type of pattern occurs from sunrise to sunset. Thus 
the sun, and indeed all the objects in the sky, show a daily 
motion. They rise on the eastern horizon, pass a highest 
point, and set on the western horizon. Thir is called the 
daily motion. 



See •'Roll Call" in Project 
Project Physics Reader 2 . 



Day by day from July through November, the noon height 
of the sun above the horizon becomes less. Near December 22, 
the sun's height at noon (as seen from the northern hemi- 
sphere) is least and the number of hours of daylight is ^ 
smallest. During the next six months, from January into 
June, the sun's height at noon slowly increases. About June 
21 it is greatest and the daylight is longest. Then the 
sun's gradual southward motion begins again, as Fig. 5.1 (b) 
indicates. 

This year-long change is the basis for the seasonal or 
solar year. Apparently the ancient Egyptians thought that 
the year had 360 days , but they later added five feast days 
to have a year of 365 days that fitted better vith their 
observations of the seasons. How we know that the solar year 
is 365.24220 days long. The fraction of a day, 0.24220, raises 
a problem for the calendar maker, who works with whole days. 
If you used a calendar of just 365 days, after four years 
New Year's Day would come early by one day. In a century 
you would be in error by almost a month. In a few centuries 
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Fig. 5.1 

a) Daily path of the sun through 
the sky. 

A - Tfme -zones 




D«e.22 Kjr.2l 



Jvnt 21 Srpt.Zi 



b) Noon altitude of the sun as 
seen from St. Louis ^ Missouri 
throughout the year. 



Fig. 5.2 Midnight sun photographed at 5-minute intervals over 
the Ross Sea in Antarctica. The sun appears to move from 
right to left. 



See Article SeduoYi* 
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Fig. 5*3 Orion trails, a combi- 
nation star and trai photograph. 
The camera shutter was opened for 
several hours while the stars 
trailed, then closed for a few 
minutes, then reopened while the 
camera was driven to follow the 
•tars for a few minutes. 




Fig. 5.4 Time exposure showing 
star trails around the North 
Celestial Pole. The diagonal 
line was caused by an artificial 
earth satellite. You can use 
a protractor to determine the 
duration of the exposure; the 
stars move about 15° per hour* 

Which of the star trails in 
Fig. 5.4 might be that of Pola- 
ris? Defend your choice. 

A^. TFie )orxo^ certtixxl 
dfeok rtear We c^t6r 



the date called January first would come in the summertime! 
In ancient times extra days or even whole months were in- 
serted from time to time to keep a calendar of 365 days and 
the seasons in fair agreement. 

Such a makeshift arrangement, is, however, hardly satis- 
factory. In 45 B.C. Julius Caesar decreed a new calendar 
which averaged 365 1/4 days per year (the Julian calendar) , 
with one whole day (a leap day) being inserted each fourth 
year. This calendar was used for centuries during which the 
small difference between the decimal parts 0.25 and 0.24220 
accumulated to a number of days. Finally, in 1582 A.D. , 
under Pope Gregory, a new calendar (the Gregorian calendar) 
was announced. This had only 97 leap days in 400 years. To 
reduce the number of leap days from 100 to 97 in 400 years, 
century years not divisible by 400 were omitted as leap years. 
Thus the year 1900 was not a leap year, but the year 2000 
will be a leap year (try comparing 97/400 to 0.24220). 

You may have noticed that a few stars are bright and many 
are faint. Some bright stars show colors, but most appear 
whitish. People have grouped many of the brighter stars into 
patterns, called constellations, such as the familiar Big 
Dipper and Orion. The brighter stars may seem to be larger, 
but if you look at them through binoculars, they still ap- 
pear as points of light. 

Have you noticed a particular star pattern overhead and 
then several hours later seen that it was near the western 
horizon? What happened? During the interval the stars in 
the western side of the sky moved down toward the horizon, 
while those in the eastern part of the sky moved up from the 
horizon. A photograph exposed for some time would show the 
trails of the stars r like those shown in Fig. 5.3. During 
the night, as seen from a point on the northern hemisphere 
of our earth, the stars appear to move counter-clockwise 
around a point in the sky called the North Celestial Pole, 
which is near the fairly bright star Polaris r as Fig. 5.4 
suggests. Thus the stars like the sun show a daily motion 
across the sky. 

Some of the star patterns, such as Orion (the Hunter) and 
Cygnus (the Swan, also called the Northern Cross) , were 
named thousands of years ago. Since we still see the same 
star patterns described by the ancient-j, we ca* conclude that 
these star patterns change very little, if at all, over the 
centuries. Thus in the heavens we observe both stability 
over the centuries as well as smooth, orderly daily motion. 
To explain this daily rising and setting almost every early 
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culture has pictured the sun, moon, planets and stars as 
attached to a great bowl that turns around the earth each 
day. 

But there are other motions in the sky. if you have ob- 
served the star patterns in the west just after twilight on 
two evenings several weeks apart, you have probably noticed 
during the second observation that the stars appeared nearer 
the horizon than when you made your first observation. As 
measured by sun-time, the stars set about four minutes ear- 
lier each day. 

From these observations we can conclude that the sun is 
slowly moving eastward relative to the stars, even though we 
cannot see the stars when the sun is above the horizon. One 
complete cycle of the sun against the background of stars 
takes a year. The sun's yearly path among the stars is 
called the ecliptic. It is a great circle in the sky and is 
tilted at about 2335^ to the equator. The point at which the 
sun, moving along the ecliptic, crosses the equator from 
south to north on March 21 is called the Vernal Equinox. 
Thus we have three motions of the sun to explain: the daily 
rising and setting, the annual eastward cycle among the 
stars, and the north-south seasonal motion. 



If you told time by the stars, 
would the sun set earlier or 
later each day? 

6hips discussed. \n l^e sedToh . 
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See **The Garden of Epicurus" in 
Project Physics Reader 2 > 
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Q1 
Q2 



What evidence do we have that the ancient 
people observed the sky? 

For what practical purposes were 
calendars needed? 



Q3 What are the observed motions of the sun 
during, one year? 

Q4 In how many years will the Gregorian 
calendar be off by one day? 



S.2 



Motions of the moon. The moon also moves eastward against 
the background of the stars and rises nearly an hour later 
each night. When the moon rises at sunset — when it is op- 
posite the sun in the sky— the moon is bright and shows a 
full disc (full moon). About fourteen days later, when the 
moon is passing near the sun in the sky (new moon) , we can- 
not see the moon at all. After new moon we first see the 
moon as a thin crescent low in the western sky at sunset. 
As the moon rapidly ipoves further eastward from the sun, the 
moon's crescent fattens to a half circle, called "quarter 
moon," and then within another week on to full moon again. 
After full moon, the pattern is reversed, with the moon slim- 
ming down to a crescent seen just before sunrise and then 
several days being invisible in the glare of sunlight. 

As early as 380 B.C. the Greek philosopher Plato recognized 
that the phases of the moon could be explained by thinking of 



These end of section questions 
are intended to help you check 
your understanding before going 
to the next section. Answers 
start on page 123. 




Moon: 17 days old 
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the moon as a globe reflecting sunlight and moving around the 
earth, with about 29 days between new moons. Because the 
moon appears to move so rapidly relative to the stars, people 
early assumed the moon to be close to the earth. 

The moon's path around the sky is close to the yearly 
path of the sun; that is, the moon is always near the eclip- 
tic. The moon's path is tipped a bit with respect to the 
sun's path; if it were otherwise, we would have an eclipse 
of the moon at every full moon and an eclipse of - «un c.t 
every new moon. The moon's motion is far froir simple and 
has posed persistent problems for astronomers as, foi ex- 
ainple, predicting accurately the times of eclipses. 




Moon: 3 days old 



QS Describe the motion of the moon during 
one month. 



Q6Why don't eclipses occur each month? 
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Fig. 5.5 The maximum angles 
from the sun at which we observe 
Mercury and Venus. Both planets 
cany at timesy be observed at 
sunset or at sunrise. Mercury 
is never observed to be more 
than 28° from the sun, and Venus 
is never more than A8° from the 
sun. 
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5.3 The wandering stars . Without a telescope wr can see, in 
addition to the sun and moon, five rather bright objects 
which move among the stars. These are t"he wanderers, or 
planets: Mercury, Venus, Mars, Jupiter and Saturn. (With 
the aid of telescopes three more planets have been discov- 
ered: Uranus, Neptune and Pluto; but none of these was 
known until nearly a century after the time of Isaac Newton.) 
Like the sun and noon, all the planets are observed to rise 
daily in the east and set in the west. Also like the sun 
and moon, the planets generally move eastward among the 
stars. But at certain times each planet stops moving 
eastward among the £;tars and for some months moves west- 
ward. This westward, or wrong-way motion, is called 
retrograde motion^ ^ ^ de^(b^, n<7t So eoSt^ fo exphin. 

In the sky Mercury and Venus are always near the sun. 
As Fig.- 5.5 indicates, the greatest angular distance from 
the sun is 28° for Mercury and 48*" for Venus. Mercury and 
Venus show retrograde motion after they have been farthest 
east of the sun and visible in the evening sky. Then they 
quickly move westward toward the sun, pass it, and reappear 
in the morning sky. During this motion they are moving 
westward relative to the stars, as is shown by the plot for 
Mercury in Fig. 5.7. 

In contrast. Mars, Jupiter and Saturn may be found in 
any position in the sky relative to the sun. As these 
planets (and the three discovered with the aid of telescopes) 
move eastward they pass through the part of the sky opposite 
to the sun. When they pass through the point 180° from the 
sun, i.e., when they are opposite to the sun, as Fig. 5.6 



- V ^ indicates, they are said to be in opposition , when each of 
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these planets nears the time of itn opposition, it ceases its 

eastward motion and for several months moves westward (see Planet 
Fig. 5.7). As Table 5.1 and Fig. 5.7 show, the retrograde * 
motion of Saturn lasts longer, and has a smaller angular dis- 
placement than do the retrograde motions of Jupiter and Mars. 
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Table 5.1 Recent Retrograde Motions of the Planets 



Planet 


Duration of Retrograde 


Days* 


Westv/ard 
Displacement* 

15** 


Mercury 


April 26 to May 30, 1963 


34 


Venus 


May 29 to July 11, 1964 


43 


190 


Mars 


Jan. 29 to April 21, 1965 


£3 


22** 


Jupiter 


Aug. 10 to Dec. 6, 1963 


113 


10** 


Saturn 


June 4 to Oct. 21, 1963 


139 


70 


Uranus 


Dec. 25, '65 to May 24, 1966 


152 


4<* 


Neptune 


Feb. 22 to Aug* 1, 1966 


160 


3<* 


Pluto 


Dec. 28, '65 to June 2, 1966 


156 


2<* 



*These intervals and displacements vary somfwhat from cycle 
to cycle. 

The planets change considerably in brightness, when 
Venus is first seen in the evening sky as the "evening star," 
the planet is only fairly bright. But durin*/ the following 
four to five months as Venus moves farther eastward from the 
sun. Von us gradually becomes so bright that it can often be 
seen in the daytime if the air is clear. Later, when Venus 
scoots westward toward the sun, it fades rapidly, passes the 
sun, and soon reappears in the morning sky before sunrise as 
the "morning star." Then it goes through the same pattern 
of brightness changes, but in the opposite order: soon 
bright, then gradually fading. The variations of Mercury 
follow much the same pattern. But because Mercury is always 
seen near the sun during twilight. Mercury's changes are 
difficult to observe. 

Mars, Jupiter and Saturn are brightest about the time 
that they are highest at midnight and opposite to the sun. 
Yet over many years their maximum brightness differs. The 
change is most noticeable for Mars; the planet is brightest 
when it is opposite the sun during August or Septeit±>er. 

Not only do the sun, moon and planets generally move east- 
ward among the stars, but the moon and planets (except Pluto) 
are always found within a band only 8* wide on either side of 
the sun's path. 



Fig. 5.6 Opposition of a planet 
occurs when, as seen from the 
earth, the planet is opposite to 
the sun, and crosses the meridian 
at midnight. 






Fig. 5.7 The retrograde motions 
of Mercury (marked at 5-day in- 
tarvals). Mars (at 10-day inter- 
vals), and Saturn (at 20-day 
intervals) in 1963, plotted on 
a star chart. The dotted line 
is the annual path of the sun, 
called the ecliptic. 

A : Scale, ywdel 
-H^ic solar si^t^ 



Q7 In what part of the sky must you look to 
see the planets Mercury and Venus? 

Q8 In what part of the sky would you look 
to see a planet which is in opposition? 

Q9 When do Mercury and Venus show retrograde 
motion? 



QlOwhen do Mars, Jupiter and Saturn show 
retrograde motion? 

QH In what ways do the retrograde motions 
of the planets differ? is each the same 
at every cycle? 
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S.4 Plato's problem . About 400 B.C. Greek philosophers asked a 
new question: how can we explain the cyclic changes observed 
in the sky? Plato asked for a theory or general explanation 
to account for what was seen, or as he phrased it: "to save 
the appearances." The Greeks appear to have been the first 
people to desire theoretical explanations to account for 
natural phenomena. Their start was an important step toward 
science as we know it today. 
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HOW did the Greeks begin their explanation of the motions 
observed in the heavens? V?hat were their assumptions? 

At best, any answers to these questions must be tentative. 
While many scholars over the centuries have devoted themselves 
to the study of Greek thought, the documents available as the 
basis for our knowledge of the Greeks are mostly copies of 
copies and translations of translations in which errors and 
omissions occur, in some cases all we have are reports from 
later writers of what certain philosophers did or said, and 
these may be distorted or incomplete. The historians* task 
is difficult. Most of the original Greek writings were on 
papyrus or cloth scrolls, which have decayed through the ages. 
Many wars, much plundering and burning, have also destroyed 
many important documents. Especially tragic was the burning 
of the fcimous library of Alexandria in Egypt, which contained 
several hundred thousand documents. (Actually, it was burned 
three times: in part by Caesar's troops in 47 B.C.; then 
in 390 A.D. by a Christian fanatic; and the third time in 
640 A.D. by Moslems when they overran the country.) Thus, 
while the general picture of Greek culture seems to be 
rather well established, many interesting particulars and 
details are not known. 

The approach taken by the Greeks and their intellectual 
followers for many centuries was stated by Plato in the 
fourth century B.C. He stated the problem to his students 
in this way: the stars — eternal, divine, unchanging beings — 
move uniformly around the earth, as we observe, in that most 
perfect of all paths, the endless circle. But a few celestial 
objects, neunely the sun, moon and planets, wander across the 
sky and trace out complex paths, including even retrograde 
motions. Yet, surely, being also heavenly bodies, they too 
must really move in a way that becomes their exalted status. 
This must be in some combination of circles. How then can 
we account for the observations of planetary motions and 
"save the appearances'*? In particular, how can we explain 
the retrograde motions of the planets? Translated into more 
modern terms, the problem is: determine the combination of 
simultaneous uniform circular motions that must be assumed 
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flr^ 'ttie' ckies e^iiihdsh&d for old fnctnuscrif^ ? 
Ihe detedttve- work of re^tomtidn and dating *»s -pasrirvxfirr; 
for each of the objects to account for the observed irregu- 
lar motions. The phrase "uniform circular motion" means that 
the body moves around a center at a constant distance, and 

that the rate of angular motion around the center (such as Jwt^^ in Ihe Oppa^ 

one degree per day) is uniform or constant. '^'IJ^^ "^J^ J^'^^'^'^L^ 

Notice that the problem is concerned only with the posi- 5tlentty (yiored.^lfieine l^", howcuer, 
tions of the sun, moon, aid planets. The planets appear to ^^^'^ eyidcKice "Ifeot botfe 
be only points of light moving against the background of ^ krx^C^^as wert as dt^^, 
stars. From two observations at different times we ob- p^om^ri<^ s^kXwn vfhidi ^iledt^ 
tain a rate of motion; a value of so many degrees per day. otcCOUtiC ^cr'Unese ^iieervcd chsnys 
The problem then is to find a "mechanism," some combination iVi hnpjfiljness. 
of motions, that will reproduce the observed angular motions 
and lead to predictions in agreement with observations. The 
ancient astronomers had no observational evidence about the 
distances of the planets; all they had were directions, dates 
and rates of angular motion. Although changes in brightness 

of the planets were known to be related to their positions fftAwWa because, "fXtfto did KTpt 
relative to the sun, these changes in brighjtness were not in- ConsidgY' jfefe dbS0r>/dSx6n CLS 
eluded in Plato's problem. ^pTmone iS> hi^ )f7nMem^ W<*iiVtrt 

wa^ added fe tie u^efulyiets -cf 

Plato's statement of this historic problem of planetary me ^ffie^^ anrf ^o Ihe fd^^rw- 
motion illustrates the two main contributions of Greek rnarux were XCpcred. 

philosophers to our understanding of the nature of physical 
theories : 

1. According to the Greek view, a theory should be based 
on self-evident concepts. Plato regarded as self-evident the 
concept that heavenly bodies must have perfectly circular 
motions. Only in recent centuries have we come to understand 
that such commonsense beliefs may be misleading. More than 
that — we have learned that every assumption must be criti- 
cally examined and should be accepted only tentatively. As 

we shall often see in tnis course, the identification of 
hidden assumptions in science has been extremely difficult. 
Yet in many cases , when the assumptions have been identified 
and questioned, entirely new theoretical approaches have 
followed. 

2. Physical theory is built on observable and measurable 
phenomena, such as the motions of the planets. Furthermore, 
our purpose in making a theory is to discover the uniformity 
of behavior, the hidden likenesses underlying apparent irreg- 
ularities. For organizing our observations the language of 

number and geometry is useful. This use of mathematics, "Pt^^fio^trrOG (c S^OBc) amd hlS 
which is widely accepted today, was derived in part from ff If^WiW iZtt^^^ YViAind-eoxih 
the Pythagoreans, a group of mathematicians who lived in (U^nceriSrio-SfA^^ of 4^ 
southern Italy about 500 B.C. and believed that "all things hmh/MS. 
are numbers." Actually, Plato used the fundamental role of 
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numbers only in his astronomy, while Aristotle avoided 
measurements. This is unfortunate because, as the Prologue 
reported, the arguments of Aristotle were adopted by Thomas 
Aquinas, whose philosophy did not include the idea of mea- 
surement of change as a tool of knowledge, 

Plato's assumption that heavenly bodies move with "uniform 
motion in perfect circles" was accepted for many centuries 
by those working on the problem of planetary motion. Not un- 
til around 1600 A*D, v/as this assumption abandoned. 

Plato and many other Greek philosophers assumed that there 
were a few basic elements that mixed together to cause the 
apparent variety observed in the world. Although not every- 
one agreed as to what these elements were, gradually four 
were accepted as the explanation of phenomena taking place 
on earth. These elements were: Fire, Air, Water and Earth. 
Because substances found on earth contained various mixtures 
of these elements, these compound substances would have a 
wide range of properties and changes. 

In the heavens, which were separate from the earth and 
were the abode of the gods, perfection must exist. Therefore 
motions in the heavens must be eternal and perfect, and the 
only perfect unending geometrical form was the circle. Also, 
the unchanging heavenly objects could not be composed of ele- 
ments normally found at or near the earth, but were composed 
of a changeless fifth element of their own — ^the quintessence, 

Plato's astronomical problem remained the most significant 
problem for theoretical astronomers for nearly two thousand 
years. To appreciate the later efforts and consequences of 
t)ie different interpretation developed by Kepler, Galileo 
and Newton, let us examine what solutions to Plato's problem 
were developed by the Greeks. 



Plato make in his 



G12 What assumptions did 
problem? 

Q13 Why is our knowledge of Greek science 



incomplete? 

014 What basic assumption did the Greeks 
make about the nature of a theory? 



S«5 The first earth-centered solution . The Greeks observed that 
5. B(J assi<ydirxa S^vertxl aroAAr the .earth was obviously large, solid and permanent, while 
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he. YYiode^ to -fit y^ou^la iHe 

was : E^is , Satxrvi^ "SupXert Mars; 



the heavens seemed to be populated by small, remote, ethereal 
objects that continuously went through their various motions. 
What was more natural than to conclude that our big, heavy 
earth was the steady, unmoving center of the universe? Such 
an earth-centered model is called geocentric . With it the 
daily motion of the stars could easily be explained: they 
were attached to, or were holes in, a large surrounding 
spherical dome, and were all at the same distance from us. 
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A Cele^idl sfb&ra model 



Til •. SteKar mdtioyv 

Daily, this celestial sphere would turn around an axis 
through the earth. As a result all the stars on it would 
move in circular paths around the pole of rotation. In this 
way the daily motions could be explained. 

The observed motion of the sun through the year was ex- 
plained by use of a more complex model. To explain the sun's 
motion among the stars a separate invisible shell was 
needed that carried the sun around the earth. To explain 
the observed annual north-south motion of the sun the axis 
of this sphere for the sun should be tipped from the axis of 
the dome of the stars. (See Fig. 5.8.) 

The motions of the planets— t4ercury, Venus, Mars, Jupiter 
and Saturn — were more difficult to explain. Because Saturn 
moves most slowly among the stars, its sphere was assumed tc 
be closest to the stars. Inside the sphere for Saturn would 
be spheres for faster-moving Jupiter and Mars. Since they 
all require more than a year for one trip around the sky, 
these three planets were believed to be beyond the sphere of 
the sun. Venus, Mercury and the moon were placed between 
the sun and the earth. The fast-moving moon was assumed to 
reflect sunlight and to be closest to the earth. 

Such an imaginary system of transparent shells or spheres 
can provide a rough "machine" to account for the general mo- 
tions of heavenly objects. By choosing the sizes, rates 
and directions of motion of the supposed linkages between 
the various spheres a rough match could be made between the 
model and the observations (as in Fig. 5.9). If additional 
observations reveal other cyclic variations, more spheres and 
linkages can be added. 

Eudoxus, Plato's friend, concluded that 27 spheres or mo- 
tions-would account for the general pattern of motions. 
Later Aristotle added 29 more motions to make a total of 56. 
An interesting description of this system is given by the 
poet Dante in the Divine Comedy , written in 1300 A.D. , shortly 
after Aristotle's writings became known in Europe. 

Aristotle was not happy with this system, for it did 
not get the heavenly bodies to their observed positions at 
quite the right times. In addition, it did not account at 
all for the observed variations in brightness of the planets. 
But we must not ridicule Greek science for being different 
from our science. The Greeks were just beginning the de- 
velopment of scientific theories and inevitably made as- 
sumptions that we now consider unsuitable. Their science 
was not "bad science," but in many ways it was a quite dif- 
ferent kind of science from ours. Furthermore, we must 




Fig. 5.8 The annual north-south 
(seasonal) motion of the sun was 
explained by having the sun on a 
sphere whose axis was tilted 23^ 
from the axis of the sphere of 
the stars. 
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DoCerdodelaJphcrc. Chap. II I. 
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Fig. 5.9 A geocentric cosmo lo- 
gical scheme. The earth is fixed 
at the center of concentric ro- 
tating spheres. The sphere of 
the moon (lune) separates the 
terrestrial region (composed of 
concentric shells of the four 
elements Earth, Water, Air and 
Fire) from the celestial region. 
In the latter are the concentric 
spheres carrying Mercury, Vepus, 
Sun, Mars, Jupiter, Saturn and 
the stars. To simplify the dia- 
gram, only one sphere is shown 
for each planet. (From the 
DeGolyer copy of Petrus Apit- ' 
Cosmographie s 1551.) 



realize that to scientists 2000 years from now our efforts 
may seem strange and inept. 

Even today scientific theory does not and cannot account 
for every detail of each specific case. As you have already 
seen, important general concepts, like velocity and accelera- 
SG 5.3 tion, must be invented for use in organizing the observations. 
Scientific concepts are idealizations which Lreat selected 
aspects of observations rather than the totality of the raw 

Ifxls IS art importanC yKiint— data. 
do not overlook. 

As you might expect, the history of science contains many 
examples in which the aspects neglected by one researcher 
turned out later to be quite important. But how would better 
systems for making predictions be developed unless there 
were first trials? Through tests and revisions theories may 
be improved or they may be completely replaced. 

QlSWhat is a geocentric system? Q18 Describe the first solution to Plato's 

problem* 



Sutnntr 



5.6 



5.6 
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A sun-centered solution . For nearly two thousand years af- 
ter Plato and Aristotle the geocentric model was generally 
accepted. However, another radically different model, based 
on different assumptions, had been proposed. In the third 
century B.C., Aristarchus, perhaps influenced by the writings 
of Heracleides, who lived a century earlier, suggested that 
a much simpler description of heavenly motion would result 
if the sun were considered to be at the center, with the 
earth, planets and stars all revolving around it. A sun- 
centered system is called heliocentric . 

Unfortunately, because the major writings of Aristarchus 
have been lost, our knowledge of his work is based mainly on 
comments made by other writers. Archimedes wrote that 
Aristarchus foand, from a long geometrical analysis, that the 
sun must be at least eighteen times farther away than the 
moon. Since the distance to the moon was known roughly, 
this put the sun several million miles away. Furthermore 
Aristarchus concluded that this distant sun must be much 
larger than the earth. He believed that the larger body, 
which was also the source of sunlight, should be at the 
center of the universe. 

Aristarchus proposed that all the daily motions observed 
in the sky could be easily explained by assuming that the 
earth rotates daily on an axis. Furthermore, the annual 
changes in the sky, including the retrograde motions of the 
planets, could be explained by assuming that the earth and 
the five visible planets move around the sun. In this model 



16 



Additiohal lyt^mtdtion an fiiyistarchus vviodei 
Sea. Article oedlidn. 

tl e motion previously assigned to the sun around the earth 
was assigned to the earth moving around the sun. Also, no- 
tice that the earth became just one among several planets. 

How such a system can account for the retrograde motions 
of Mars, Jupiter and Saturn can be seen from Figs 5.10 (a) 
and (b) , in which an outer planet and the earth are assumed 
to be moving around the sun in circular orbits. The outer 
planet is moving more slowly than the earth. As a result, 
when we see the planet nearly opposite to the sun, the earth 
moves rapidly past the planet, and to us the planet appears 
to be moving backward, that is westward, or in retrograde 
motion, across the sky. 

The heliocentric (sun-centered) hypothesis has one 
further advantage. It explains the bothersome observation 
that the planets are brighter and presumably nearer the 
earth during their retrograde motion. 

Even so, the proposal by Aristarchus was attacked on 
three bases: 

First , it did violence to the philosophical doctrines 
that the earth, by its very immobility and position, is dif- 
ferent from the celestial bodies, and that the natural place 
of the earth is the center of the universe. In fact, his 
contemporaries considered Aristarchus impious for suggesting 
that the earth moved. Also, the new picture of the solar 
system contradicted common sense and everyday observations: 
certainly, the earth seemed to be at rest. 

Second , the attackers offered observational evidence to 
refute Aristarchus. If the earth were moving in an orbit 
around the sun, it would also be moving back and forth be- 
low the fixed stars, such as the North Star. Then the angle 
from the vertical at which we have to look for any star 
would be different when seen from the various points in the 
earth's annual path (see Fig. 5.11). This shift, called the 
parallactic shift of the fixed stars, should occur on the 



Fig. 5.10 Retrograde motion of 
an outer planet. The numbers in 
(b) correspond to the numbered 
positions in (a). 

(a) Actual configurations of 
sun, earth and planet for retro- 
grade motion. 

• Sun 




(b) Apparent path of the planet 
against the background stars as 
seen from the earth. 



basis of Aristarchus* heliocentric hypothesis. But it was Hcih(<tpe>kjbr odiVitl] 

not observed by the Greek astronomers. 



This awkward fact could be explained in two ways. The stel- 
lar parallax could be too small to be observed with the naked 
eye, though this would require the stars to be either enor- 
mously distant, perhaps some hundreds of millions of miles 
away. Or the earth could be fixed, and the theory of Aris- 
tarchus was wrong. 

Today with telescopes we can observe the parallactic 
shift of stars so we know that Aristarchus was correct. The 

Fig. 5.11 How the changing po- 
sition of the earth in its orbit 
should cause a parallactic shift 
in a starts petition. 
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stellar parallax is too small to be seen with the naked 
eye — and indeed so small that even with telescopes it was 
not measured until 1838. The largest parallactic shift is 
an angle of only 1.5 seconds of arc, equivalent to the 
^^rrw> iHe diameter of a penny seen at a distance of about two miles! 

m?m— Me -flrk^er wdl a^pear^^^ parallax exists, but we can syn;pathize with the Greeks 
\n adifperertt plaoe relative who rejected the heliocentric theory because the parallactic 
Wie backpfrotAtvA . shift required by the theory could not be observed at that 

time. 
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Third, Aristarchus does not seem to have used his system 
for making predictions of planetary positions. His work 
seems to have been purely qualitative, a general picture of 
how things might be. 

Here were two different ways to describe the same obser- 
vations. But the new proposal required a drastic change 
in man's image of the universe — not to speak of the fact 
that the stellar parallax which it predicted was not observed. 
Actually Aristarchus' heliocentric hypothesis had so little 
influence on Greek thought that we might have neglected it 
here as being unimportant. But fortunately his arguments 
were recorded and eighteen centuries later stimulated the 
thoughts of Copernicus. Ideas, it seems, are not bound by 
space or time, and cannot be accepted or dismissed with 
final certainty. 



Q17 What tvvo radically new assumptions were 
made by Aristarchus? 



Q19 What change predicted by Aristarchus* 
theory was not observed by the Greeks? 



Q18 How can the model proposed by Aristarchus 020 Why was Aristarchus considered impious? 
explain retrograde motion'' 

Summar<A 5.7 S.7 The geocentric system of Ptolemy . Disregarding the helio- 

UStn^ SeV0tX^l (^OmetrtC devices^ centric model suggested by Aristarchus, the Greeks continued 

ea^ ^centered nfcdei m ^^""^ ^^^^^ solution in terms of crystalline 

y/lntch eada flartet hxd a Sepor- ^P^®^®^ lacked accuracy. During the 500 years after Plato 
^Cfe Complex SljStem op mdicms. Aristotle, astronomers began to want a more accurate 

theory for the heavenly timetables. Of particular impor- 
tance were the positions of the sun, moon and planets along 
the ecliptic. A better theory must account for both the 
large general motions and the numerous smaller cyclic varia- 
tions. To fit the observations, a complex theory was needed 
for each planet. 

Several Greek astronomers made important contributions 
which resulted about 150 A.D. in the geocentric theory of 
Claudius Ptolemy of Alexandria. Ptolemy's book on the mo- 
tions of the heavenly objects is a masterpiece of analysis, 
which used many new geometrical solutions. 
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Ptolemy wanted a system that would predict accurately 
the positions of each planet. But the type of system and 
motions he accepted was based on the assumptions of Aris- 
totle. In the preface to T he Almagest Ptolemy states: 

For indeed Aristotle quite properly divides also 
the theoretical (in contrast to the practical] into 
three immediate genera: the physical, the mathema- 
tical, and the theological The kind of science 

which seeVs after Him is the theological; for such 
an act can only be thought as high above somewhere 
near the loftiest things of the universe and is ab- 
solutely apart from sensible things. But the kind 
of science which traces through the material and 
the hot, the sweet, the soft, and such things, 
would be called physical, and such an essence... 
IS to be found in corruptible things and below the 
the lunar sphere. And the kind of science which 
shows up quality with respect to forms and local 
motions, seeking figure, number, and magnitude, and 
also place, time, and similar things, would be 
defined as mathematical. 



Ihe On^okff made qroat pro- 
S;^!T3 ^ ueor2 between 
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Then he defines the problem and states his assumptions! 



...we wish to find the evident and certain appear- 
ances from the observations of the ancients and our 
own, and applying the consequences of these concep- 
tions by means of geometrical demonstrations. 

And so, in general, we have to state, that the 
heavens are spherical and move spherically; that the 
earth, in figure, is sensibly spherical...; in posi- 
tion, lies right in the middle of the heavens, like 
a geometrical center; in magnitude and distance, (the 
earth] has the ratio of a point with respect to the 
sphere of the fixed stars, having itself no local 
motion at all. 

Ptolemy then argues that each of these assumptions is 
necessary and fits with all our observations. The strength 
of his belief is illustrated by his statement: "...it is 
once for all clear from the very appearances that the earth 
is in the middle of the world and all weights move towards 
It." Notice that he has mixed the astronomical observations 
with the physics of falling bodies. This mixture of astron- 
omy and physics became highly important when he referred to 
the proposal of Aristarchus that the earth might rotate and 
revolve: 

NOW some people, although they ha/e nothing to 
oppose to these arguments, agree" on something, as 
they think, more plausible. And it seems to them 
there is nothing against their supposing, for 
instance, the heavens immobile and the earth as 
turning on the same axis (as the stars] from west 
to east very nearly one revolution a day 

But it hcs escaped their notice that, indeed, 
as far as the appearances of the stars are con- 
cerned, nothing would perhaps keep things from 
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being in accordance with this simpler conjecture, 
but that in the light of what happens around us 
in the air such a notion would seem altogether 
absurd • 

Here Ptolemy recognizes that the "simple conjecture" of 
a moving and rotating earth would perhaps satisfy the as- 
tronomical observations. But he rejects this conjecture 
by spelling out what would "happen around us in the air," 
The earth would spin at a great speed under the air, with 
the result that all clouds would fly past toward the west, 
and all birds or other things in the air would be carried 
away to the west. If, however, the air tr.rned with the 
earth, "none the less the bodies contained in it would al- 
ways seem to be outstripped by the movement of both [the 
earth and the air] • " 

On these assumptions and arguments Ptolemy developed 
very clever and rather accurate procedures by which the posi 
tions of each planet could be derived on a geocentric model. 
In the solutions he used circles and three other geometrical 
devices. Each device provided for variations in the rate 
of angular motion as seen from the earth. To appreciate 
Ptolemy's problem, let us examine one of the many small vari 
ations he was attempting to explain. 

One irregularity that must be explained will be immediate 
ly apparent if you consult a calendar. Let us divide the 
sun's total path around the sky into four equal segments, 
each an arc of 90**, and start from where the sun's path 
crosses the celestial equator on March 21. Although there 
may be a variation of one day between years, due to the in- 
troduction of a "leap day," the sun is usually farthest 
north on June 21, back at the equatur on September 23, then 
farthest south on December 22. 

As Table 5.2 shows, the actual motion of the sun during 
the year is not at a uniform rate. 



Table 5.2 



Irregular Motion of the Sun in Moving through 90° Arcs 



March 21 



June 21 



September 2 3 



Center a protractor on point C 
of Fig. 5.12 and measure the de- 
grees in the arcs 1-2, 2-3, 3-A 
and 4-1. Consider each 1® 
around C a^ one day. Make a 
graph of the days needed for 
the planet to move through the 
four arcs as seen from the earth, 

f^temu UKX^ 6j<<(uia to Sacripic^ f^ottbs 



December 22 



March 21 (80 + 365) 
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Day count 
of year 



80th day 



172nd day 



266th day 



356th day 



445th day 



Difference 
in days 



92 
94 
90 
39 
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1. The eccentri c. Previously, astronomers had held, 
with Plato, that the motion of a planet must be at a uniform 
angular rate and at a constant distance from the center of 
the earth. This is what we defined in Sec. 5.4 as uniform 
circular motion. Although Ptolemy believed that the earth 
was at the center of the universe, it need not be at the 
center around which the radius curned at a uniform rate. He 
used a new arrangement called an eccentric (Fig. 5.12) which 
has the radius of constant length moving uniformly around 
the center C, but with the earth E located off-center. As 
seen from the off-center earth, the pic ets , sun, etc., 
would require unequal numbers of days to move through the 
quadrants, 1-2, 2-3, etc. 

An eccentric motion, as shown in Fig. 5.12, will account 
for the type of irregularity reported in Table 5.2. However, 
the scale of Fig. 5.12 is misleading; the earth need be off- 
set from the center by only a small amount to satisfy the 
data of Table 5.2. Notice that Ptolemy was giving up the 
old notion that the earth must be at the center of the mo- 
tion. 

2. The epicycle . While the eccentric can account for 
small variations in the rate of motion, it cannot describe 
any such radical change as retrograde motion. To account 
for retrograde motion, Ptolemy used another type of motion, 
the epicycle (see Fig. 5.13). The planet P is considered to 
be moving at a uniform rate on the circumference of a small 
circle, called the epicycle. The center of the epicycle D 
moves at a uniform rate on a large circle, called the 
deferent , around it? center C. 

With a relatively large radius or short period for the 
epicycle, the planet would be seen to move through loops. 
If from the center C we look out nearly in the plane of the 
motion, these loops would look like retrograde motions. 
Fig. 5.14 shows the motions produced by a simple mechanical 
model, an "epicycle machine." 

An epicycle can be used to describe many kinds of motion. 
We may select the ratio of the radius of the epicycle to 
that cf the deferent. Also we may choose the directions and 
rates of angular motion of the epicycle. To obtain apparent 
retrograde motion as seen from the center of the deferent, 
the epicycle must turn rapidly or have a radius .which is a 
sizable fraction of the radius of the deferent. 

To describe the three outer planets Ptolemy had to make 
a strange assumption. As Fig. 5.15 shows, he had to have 
the radius of each epicycle always parallel to the line from 

A' ^W<e pht^gmph^ of efxct^^s like Uieto* 
See. StUdterft ^anaho^k. 
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Fig, 5.12 An eccentric. The 
angular motion is at a uniform 
rate around the center, C. But 
the earthy is off-center. 




Fig. 5.13 An epicycle. The 
planet P revolves on its epi- 
cycle about D. D revolves on 
the deferent (large circle) 
centered at the Earth C. 




^ig. 5.14 Retrograde motion 
created by a simple epicycle 
machine. 

(a) Stroboscopic photograph of 
epicyclic motion* The flashes 
were made at equal time intervals. 
Note that the motion is slowest 

in the loop. 

(b) Loop seen from near its plane. 
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Fig. 5.15 Simplified representation of the Ptolemaic system. The 
scale of the upper drawing, which shows the earth and sun, is ten 
times that of the lower drawing, which shows the planets that are 
further than the sun. The planets are shown along a line to em- 
phasize the relative sizes of the epicycles. The epicycles of the 
moon are not included. 
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the sun to the earth. This required that each epicycle 
have a period of exactly one year. As we shall see in 
Ch. 6, Copernicus wondered about this limitation of the epi- 
cycles. 

Not only may the use of an epicycle describe retrograde 
motion, it also could explain the greater brightness of the 
planets when they were near opposition, as you can see from 
Fig. 5.14. However, to accept this explanation of the 
changes in brightness would oblige us to assume that the 
planets actually moved through space on epicycles and defer- 
ents. This assumption of "real motions" is quite different 
from that of considering the epicycles and deferents as only 
useful computing devices, like algebraic equations. 

3. The equant , But even with combinations of eccentrics 
and epicycles Ptolemy was not able to fit the motions of the 
five planets. There were more variations in the rates at 
which the planets moved than could be fitted by eccentrics 
and epicycles. For example, as we see in Fig. 5.16, the ret- 
rograde motion of Mars is not always of the same angular 
size or duration. To allow for these motions Ptolemy intro- 
duced a third geometrical device, called the equant (Fig. 
5.17), which is a modified eccentric. The uniform angular 
motion is around an off-center point C, while the earth E 
(and the observer) is equally off-center, but in the opposite 
direction . 

Although Ptolemy displaced the earth from the center of 
the motion, he always used a uniform rate of angular motion 
around some center. To that extent he stayed close to the 
assumptions of Plato. By a combination of eccentrics, epi- 
cycles, and equants he described the motion of each planet 
separately. His geometrical analyses were equivalent to a 
complicated equation for each individual planet. Ptolemy 
did not picture these motions as an interlocking machine 
where each planet moved the next. However, Ptolemy adopted 
the old order of distances: stars, Saturn, Jupiter, Mars, 
Sun, Venus, Mercury, Moon, Earth. Because there was no in- 
formation about the distances of the planets, the orbits are 
usually shown nested inside each other so that their epi- 
cycles do not quite overlap (see Fig. 5.15). 

Notice how radically this set of geometrical motions 
differed from the propositions of Plato stated 500 years 
earlier. Although Ptolemy used uniform angular motions and 
circles, the centers and radii of these motions could now be 
adjusted and combined to provide the best fit with observa- 
tions. No longer was the center of the motion at the earth. 






Fig. 5.16 Mars is plotted at 
four-day intervals on three con- 
secutive oppositions. Note the 
different sizes and shapes of 
the retrograde curves. 




Fig. 5.17 An equant. The planet 
P moves at a uniform rate around 
the off-center point C. The 
earth E is equally off-center 
in the opposite direction. 



but the center could be offset by whatever amount was neecsd. 
For each planet separately Ptolemy had a combination of mo- 
tions that predicted its observed positions over long peri- 
ods of time to within about two degrees. 

However, there were some difficulties. For example, his 
proposed motions for the moon involved such large epicycles 
TfWe ts fHtt^ CVidctXce "Pipt that during a month the observed angular diameter of the 

one belteyed Une ^a^s^^ ^^^^ should change by a factor of two. 

oduoUcj n^ved Ptolemaic description was a series of mathematical 

U devices to n»atch and predict the motion of each planet 

separately. A recently discovered manuscript of Ptolemy's 
describes his picture of how the planet orbits were related 
in a way similar to that shown in Fig. 5.15. Nevertheless, 
in the following centuries most people — including Dante — 
believed that the planets really moved on some sort of 
crystalline spheres as Eudoxus had suggested, but that the 
motions were described mathemr^tically by Ptolemy's coiT.bina- 
tions of geometric devices. 

In Ptolemy's theory of the planetary motions there were, 
as in all theories, a number of assumptions: 

1. that the heaven is spherical in form and ro- 
tates around the earth once a day; 

2. that the earth is spherical; 

3. that the earth is at the center of the heavenly sphere; 

4. that the size of the earth is negligible compared to 
the distance to the stars; 

5. that the earth has no motions; 

6. that uniform angular motion along circles is the 
only proper behavior for celestial objects. 

Although now discarded, the Ptolemaic system, proposed 
in 150 A.D. / was used for about 1500 years. What were the 
major reasons for this long acceptance? Ptolemy's theory: 
^lyi fad^^twasiae posikvc ^* predicted fairly accurately the positions of the 
frediction ipiat ithere Wcwld sun. moon and planets; 

be. no Y^OjnMooC. 2. did not predict that the fixed stars should show 

a parallactic shift;* 

3. agreed in most details with the philosophical 
doctrines developed by the earlier Greeks, in- 
cluding the idea of "natural motion" and "natural 
place" ; 

4. had coimnonsense appeal to all who saw the sun, 
moon, planets and stars moving around them; 

5. agreed with the comforting assumption that we 
live on an immovable earth at the center of the 
universe. 
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Also: 
6. 



could survive better because at that t;Lme there were 
very few theoretical astronomers* 
7» fitted in with Thomas Aquinas* widely accepted syn- 
thesis of Christian belief and Aristotelian physics. 
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Yet Ptolemy's theory was eventually displaced by a helio- 
centric one. Why did this occur? What advantages did the 
new theory have over the old? From our present point of 
view, on what basis do vrs say that a scientific theory is 
successful or unsuccessful? We shall have to face such 
persistent questions in what icllows. 



Q21 What assumptions did Ptolemy make for 
his theory? 

Q22 What arguments did Ptolemy use against 
the idea that the earth rotated? 

Q23 What limitation did Ptolemy have to 
assign to his epicyc3-:s? 

Q24 Was the Ptolemaic system proposed as a 



description of real planetary orbits, 
or only as a means for computing posi- 
tions? 

Q25In what way did Ptolemy disregard the 
assumptions of Plato? 

Q26Why was Ptolemy's systeir accepted for 
more than a thousand years? 



i^lentu WK^jflte "ttie letyr^ldilos^ \^ch is a handbook ^or 
yyiokina ahd 'itterfy^ria (x^rclc^ical Y^redidtidn^ . 

^lar^etbor^ jOeTS/tbny, bath past and -fltture^ arcse, )n )cwt 
from a (ye^^Sor aecefi»w^ a^otoau as ol v^azia of 



Study Guide 

BA a) List the observations of the mo- 
tions of heavenly bodies that you might 
make which would have been possible in 
ancient Greek times . J)]iir ml , Aytfwl 

b) For each observation, list some 
roasons why the Greeks thought these 
motions were important. J)isoussio^ 

5.2 Describe the apparent motions of the 
stars and their times of rising and 
setting if the earth's shape were: 

a) saucer-shaped, 

b) flat, 

c) a pyramid or cube, 

d) a cylinder having its axis north- 

south. j:>^^^sibn 
( S.3 Throughout Chapter 5, many references 



are made to the importance of recording 
observations accurately. 

a) Why is this so important in as- 

tronomy? 

b) Why are such records more impor- 

tant in astronomy than in other 
areas of physics you have already 
studied? J^iscusSfOn 

5.4 As far as the Greeks were concerned , 
and indeed as far as we are concerned, 
a reasonable argument can be made for 
either the geocentric or the heliocentric 
theory of the universe. 

a) In what ways were both ideas suc- 

cessful? 

b) In terms of Greek science, what 

are some advantages and disad- 
vantages of each system? 

c) What were the major contributions 

of Ptolemy? p,scM56(bH 
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Chapter 6 Does the Earth Move? — The Works of Copernicus and Tycho 
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6.1 The Copernican system> Nicolaus Copernicus (1473-1543) was 
still a young student in Poland when Columbus discovered 
America. Copernicus was an outstanding astronomer and 
mathematician, and also was a talented and respected church- 
man, jurist, administrator, diplomat, physician, classicist 
and economist. During his studies in Italy he learned 
Greek and read the writings of earlier philosophers and 
astronomers. As a canon of the Cathedral of Frauenberg 
he was busy with civic and church affairs, but increasingly 
he worked on his astronomical studies. On the day of his 
death in 1543, he saw the first copy of his great book which 
opened a whole new vision of the universe. 
6.1) . 

Copernicus titled his book De Revolutionibus Orbium 
Coelestium , or On the Revolutions of the Heavenly Spheres , 
which suggests an Aristotelian notion of concentric spheres. 
Copernicus was indeed concerned with the old problem of 
Plato: the construction of a planetary system by combina- 
tions of the fewest possible uniform circular motions. He 
began his study to rid the Ptolemaic system of the equants 
which were contrary to Plato's assumptions. In his words, 
taken from a short summary written about 1530, 

...the planetary theories of Ptolemy and most other 
astronomers, although consistent with the numerical 
data, seemed likewise to present no small difficulty. 
For these theories were not adequate unless certain 
equants were also conceived; it then appeared that a 
planet moved with uniform velocity neither on its 
deferent nor about the center of its epicycle. Hence 
a system of this sort seemed neither sufficiently ab- 
solute nor sufficiently pleasing to the mind. 

Having become aware of these defects, I often con- 
sidered whether there could perhaps be found a more 
reasonable arrangement of circles, from which every 
apparent inequality would be derived and in which 
everything would move uniformly about its proper cen- 
ter, as the rule of absolute motion requires. 




Fig. 6.1 Nicolaus Copernicus 
(1473-1543). In Polish his 
name was Kopernik. 

/. Cojpervncus was yytdtivated in 
P^rf bM^a desire ib ovo'td ike 
use ofnhe equartt in 1he 

a. Copemious^ knew #tat 
Aristardnus Vwi f reposed a 
helCocetriiric SHstew as was 
described in me Afwagest' . 

3^ Copemious was delisted by 
iae. Si^mtHj^ra frcyidea the 
keiCocerSrt'o model. 



In De Revolutionibus he wrote: 

We must however confess that these movements fof 
the sun, moon, and planets] are circular or are com- 
posed of many circular movements, in that they main- 
tain these irregularities in accordance with a 
constant law and with fixed periodic returns, and 
that could not take place, if they were not circular. 
For it is only the circle which can bring back what 
is past and over with 

I found first in Cicero that Nicetas thought that 
the Earth moved. And afterwards I found in Plutarch 
that there were some others of the same opinion.... 
Therefore I also... began to meditate upon the mobility 
of the Earth. And although the opinion seemed absurd, 
nevertheless, because I knew that others before me had 



What was "the rule of absolute 
motion"? 



C(Ppemicus was otxe o^ tfxe ^ew ynen 
of hs twne who leayned Qreek . As 
a YBStAtt he was aide ib read 
6ame of ifrie yyewltA discovered 
Qreek mowi^so-ipfe^ T^^w he 
learned ifie arguments -for a, sun- 
cerif^ned si^^em , as well as ihe 
art^ments given loiA ftblemiA 
against such a St^tem. ^ 



^o\A vn^ ask \fwr ^fikcterife which \ana<\AMes t\m -fHnIc woiM 
be valuahie to a modem scieiltTst: Chinese ? Ciennay\? 
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been granted the liberty of constructing whatever cir- 
cles they pleased in order to demonstrate astral phe- 
nomena, I thought that I too would be readily permittee! 
to test whether or not, by the laying down that the 
Earth had some movement, demonstrations less shaky than 
those of my predecessors could be found for the revolu- 
tions of the celestial spheres,.* ♦! finally discovered 
by the help of long and numerous observations that if 
the movements of the other wandering stars are correla- 
ted with the circular movement of the Earth, and if 
the movements are computed in accordance with the rev- 
olution of each planet, not only do all their phenomena 
follow from that but also this correlation binds togeth- 
er so closely the order and magnitudes of all the 
planets and of their spheres or orbital circles and the 
heavens themselves that nothing can be shifted around 
in any part of them without disrupting the remaining 
parts and the universe as a whole. 

After nearly forty years of study Copernicus proposed 

a system of more than thirty eccentrics and epicycles Preface to Copernicus' 

Revolutionibus in Project Physics 
which would "suffice to explain the entire structure of Reader 2 > 

the universe and the entire ballet of the planets." Like 

the Almagest , De Revolutionibus uses long geometrical Ift^ firST QU^tldn Cop- 

analyses and is difficult to read. Examination of the CTPU'cus m^ms Kit COS« 

two books strongly suggests that Copernicus thought he was ^^S^ -fii^ ^^Ih^ Coth^ 

producing an improved version of the Almagest . He used erriicuS «^a/rtttemic^tlita ^ 

many of Ptolemy's observations plus a few more recent ones. P^^^F^ fte(emaic 

Yet his system, or theory, differed from that of Ptolemy in ^minaftna f^^ 

several fundamental ways. Like all scientists, Copernicus ^Uanf. Bcj ha\/cVta tk« 

made many assumptions as the basis for his system: ^^^^ % . 

"1. There is no one center of all the celestial circles SL-^f «|0(Cycte 
or spheres. CT?"J*^^ fWmXCC ^Stfem^ 

ret it> occoiAHt fV>r €fn^ 

2. The center of the earth is not the center of the SmoHer VajricStUmS 
universe, but only of [gravitation] and of the lunar sphere. PHpttonS tie plonett, hot 

3. All the spheres revolve about the sun. ..and therefore 

the sun is the center of the universe. •rt«a« «p<cyc(«S 

4. The ratio of the earth's distance from the sun to the * * 
[sphere of the stars] is so much smaller than the ratio of the 

earth's radius to its distance from the sun that the distance 
from the earth to the sun is imperceptible in comparison with 
the [distance to the stars] . 

5. Whatever motion appears in the [sky] arises not from any 
motion of the [sky], but from the earth's motion. The earth 
together with its [water and air] performs a complete rotation 
on its fixed poles in a daily motion, while the [sky remains) 
unchanged • 

6. What appear to us as motions of the sun arise not from 
its motion but from the motion of the earth and... we revolve 
about the sun like any other planet. The earth has, then, 
more than one motion. 
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Fig. 6.2 Copernicus* diagram 
of his heliocentric system. 
(From his manuscript of De 
Revolutionibus . 1543.) This 
simplified representation omits 
the many epicycles actually used 
in the system. 



7. The apparent retrograde .motion of the planets arises 
not from their motion but from the earth's. The motions of 
the earth alone, therefore, are sufficient to explain so many 
apparent [motlonc] in the [sky]." 

Comparison of this list with the assumptions of Ptolemy, 
given in Chapter 5, will show some identities as well 
some important differences. 

Notice that Copernicus proposed that the earth rotates 
daily. As Aristarchus and others had realized, this rotation 
would account for all the daily risings and settings observed 
in the sky. Also Copernicus proposed, as Aristarchus had 
done, that the sun was stationary and the center of the 
universe. The earth, like the other planets, moved about 
some point near the sun. Thus the Copernican system is a 
heliostatic (fixed sun) system in which the sun is located 
near, but not at, the various centers around which the 
planets moved. 

Figure 6.2 shows the main concentric spheres carrying the 
planets around the sun. His text explains the outlines of 
the system: 

The ideas here stated are difficult, even almost 
impossible, to accept; they are quite contrary to 
popular notions. Yet with the help of God, we will 
make everything as clear as day in what follows, at 
least for those who are not ignorant of mathematics.... 



-me \/abr\eUj of rnolxons aotucdl^ used. 



"F^ure 6. a hav(na ftu^ sun (sol) at 
ihe^ ce^t^r^ is om a rvwgh ekeich 
of if^e (rna'xor idea 1Pic, Coper- ^. 

niam GiAetem TiauA L c/i/vi£><fc t:LZs\:. and highest of all the spheres is the 

^^.J^^:^r S^^ sphere of the fixed stars. It encloses all the other 

spheres and is itself self-contained; it is immobile; 
it is certainly the portion of the universe. with ref- 
erence to which the movement and positions of all the 
other heavenly bodies must be considered. If some 
people are yet of the opinion that this sphere moves, 
we are of a contrary mind; and after deducing the mo- 
tion of the earth, we shall show why we so conclude. 
Saturn, first of the planets, which accomplishes its 
revolution in thirty years, is nearest to the first 
sphere. Jupiter, making its revolution in twelve 
years, is next. Then comes Mars, revolving once in 
two years. The fourth place in the series is occu- 
pied by the sphere which contains the earth and the 
sphere of the moon, and which performs an annual 
revolution. The fifth place is that of Venus, re- 
volving in nine months. Finally, the sixth place 
is occupied by Mercury, revolving in eighty days. 



El5 : The^ shape of Uric eartihk orbit 



In the miclst of all, the sun reposes, unmoving. 
Who, indeed, in this most beautiful temple would 
place the light-giver in any other part than that 
whence it can illumine all other parts...? 

In this ordering there appears a wonderful sym- 
metry in the world and a precise relation between the 
motions and sizes of the spheres which no other ar- 
rangement offers. 
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Ihe period of-\he oOilrer placets arourxd'Wie sun con be estirnakbd d\v(d{r\<x '^s 
number of cteerved c^des bx IPie ekuj btj the number u^eors of oh^ery/oiCoA . 



Ql What reason did Copernicus give for re- 
jecting the use of equcints? 

Q2 What could v opemicus have meant when he 
said/ "There is no one center of all the 
celestial circles or spheres/* and yet 
"All the spheres revolve around the sun 
as their mid-point, and therefore the 
sun is the center of the universe"? 

Q3 In the following table mark with a P the 
assumptions made by Ptolemy, and with a 
C those made by Copernicus , 



a) The earth is spherical* 

b) The earth is only a point compared to 
the distances to the stars* 

c) The heavens rotate daily around the 
earth* 

d) The earth has one or more motions* 

e) Heavenly motions are circular* 

f) The observed retrograde motion of 
the planets results from the earth's 
motion around the sun* 



B*2 New conclusions * As often happens in science, a new way 
of looking at the observations — a nev; theory — leads to new 
types? of conclusions. Copernicus used his moving-earth 
Tiodel to get two results not possible with the Ptolemaic 
t!ieory* He found the periods of motion of each planet 
around the sun. Also he found the distance of each 
planet from the sun in terms of the distance of the earth 
from the sun* The distance between the earth and sun is 
known as the astronomical unit (A*U*). 

To get the periods of the planets around the sun Coper- 
nicus used observations that had been recorded over many 
years* For the outer planets. Mars, Jupiter and Saturn, he 
found the average niamber of years needed for the planet to 
make one trip around the sky, as Table 6*1 shows. When 
averaged over many years the period is rather close to the 
planet's actual orbital period* 

Table 6*1 Copernicus' Derivation of the Period of Mars, 
Jupiter and Saturn arouna tne Sun* 



Planet 


Years 
of 
Obs. 


Cycles 
among the 
Stars 


Ratio 


Period 
Copernicus' 


Modern 


Mars 


79 


42 


79/42 


687d 


687*0d 


Jupiter 


71 


6 


71/6 


ll*8y 


ll*86y 


Saturn 


59 


2 


59/2 


29*5y 


29.46y 



For the quick-moving inner planets. Mercury and Venus, 
the procedure of Copernicus had a form which we call the 
"chase problem*" As an example of such a chase, consider 
the hour and minute hands of a clock or watch, as shown in 



Ik 



f 

.1 



f 



t 
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If a body is observed to make 
6 full cycles of the sky in 
24 years, what approximately is 
its orbital period? 

Summari^ 6.5 

/. A new wau^ cf lookincj at 

fneorif , of^tn leads ib rtew 
"^^Opes of oonclusioYis . 

S. Trvm his mod^{ Co^^^ 
nicus {ourtd iirie periods d^ 
fha \fiar}^s' ynddcns aroiAYxd 
-ttrie sm^ and also tineir 
five distaoncC'S ^om "/^ swki. 

Fig* 6«3 Clock analogy of the 
"chase'' problem. The small 
disk, representing the earth, 
is on an extension of the minute 
hand. The larger disk, repre- 
senting a planet, is on an ex- 
tension of the hour hand. The 
sun is at the center. The se- 
quence shows the earth over- 
taking and passing the planet. 

(a) 11:55 (e) 6:30 

(b) 12:00 (f) 6:35 

(c) 12:05 (g) 9:45 

(d) 3:15 



f 
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Earth 




Venus 



Deferent 



Epicycle 



Fig. 6.4(a) The orbit of Venus 
according to Ptolemy. The maxi- 
mum angle between the sun and 
Venus is about 45^ east and west 
of the line connecting the fixed 
earth and the revolving sun* 
r = 0.7R 



Earth 




See Mi'cle Section. 
Fig. 6.3. If you were riding on the long hour hand shown in 
Fig. 6.3, how many times in 12 hours would the minute hand 
pass between you and the center? If you are not certain, 
slowly turn the hands of a clock or watch and keep count. 
From this information, can you derive a relation by which 
you would conclude that the period of the minute hand around 
the center was one hour? 

Sun - _ 

Now for a planetary application. We assume that Mercury 

and Venus are closer than the earth is to the sun, and that 
they have orbital periods less than one year. Because the 
earth is moving in the seune direction as the planets, they 
have to chase the earth to return to the same apparent posi- 
tion in the sky — such as being farthest eastward from the sun. 
We can solve such a chase problem by counting for an interval 
of T years the number of times N a planet attains some partic- 
ular position relative to the sun. The actual number of trips 
the planet has made around the jsun in this interval of T years 
is the sum of N and T. The planet's period, years per revo- 
lution, is then T/ (T + N) . From observations available to 
him Copernicus formed the ratios T/ (T + N) and found the 
periods shown in Table 6.2. His results were remarkably 
close to our present values. 

Table 6.2 Copernicus' Derivation of Periods of Mercury 
and Venus around the Sun 

Number of 

Times 
Farthest 
Years of East 
Orbits of the Sun T Period 

Planet T N (T+N) 



Fig. 6.4(b) The orbit of Venus, 
according to Copernicus, With 
the earth in orbit around the 
sun the same maximum angle be- 
tween Venus and the earth-sun 
line is observed. Here r = 0.7R 
in astronomical units* 



Mi^'t be a ofod f>lace ib ywirt 
cut ifie. cry?i{rc^\fne^ urnts. 
Ifie AU is a Y>erfe<iii\j Qood unt 
fcr locol ou^ronomt^ - even better 
Plan Kae m or km. Mriil receiSu^ 
Kie conversiort -factor AM /km 
not vv4?tl toiowK- 



(T+N) Copernicus' Modern 



Mercury 
Venus 



46 
8 



145 
5 



191 
13 



46/191y 
8/13y 



88d 88«0d 
224d 224. 7d 



For the first time in history, Copernicus was able to 
derive distances to the planets in terms of the distance of 
the earth from the sun (the astronomical unit) • Remember 
that the Ptolemaic system had no distance scale; it provided 
only a way of deriving the directions to the planets. If, as 
Copernicus proposed, the earth moved around the sun, the dis- 
tances of the inner planets to the sun could be found in 
terms of the earth's distance, as Fig. 6.4 indicates, from 
their maximum angles from the sun. The values found by Coper- 
nicus (with the modern values in parentheses) are: Venus 
0.72 (0.72 A.U.), Mercury 0.38 (0.39 A.U.). The earth's 
distance from the sun has been taken as l.OC, or one A.U. 

In the Copernican system, the large epicycles of Ptolemy, 
shown in Fig. 5.15, p. 22, were replaced by the orbit of 
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the earth. The radius r of Ptolemy's epicycle was given by 
Copernicus in terms of the radius R of the deferent, which 
was taken as 10,000 (see Table 6.3). From these numbers 
we can find for each planet the ratio of the radius of the 
deferent to that of the epicycle; these are listed in the 
third column of Table 6.3. 

As Figs. 6.5(a) and (b) show, we can in imagination expand 
the scale of the planet's orbit (according to Ptolemy), both 
the deferent and epicycle, until the radius r of the epicycle 
is the same size as the orbit of the sun about the earth (or 
the earth about the sun). Figure 6.5c shows that we can then 
displace all three bodies: planet, sun and earth, along 
parallel j.ines and through equal distances. By this displace- 




Fig. 6.5(a) The orbit of the 
sun S around the earth E and the 
deferent and epicycle of an outer 
planet P, as shown in Fig. 5.15. 

(b) The deierent and epicycle are 
enlarged while maintaining the 
same maximun angle of displace^- 
ment for the epicycle until the 
epicycle has the same radius, 
r*, as ES, the earth-to-sun 
distance. 




Fig. 6.5(c) 



(c) The three bodies £, S and F 
are displaced on parallel lines 
by equal distances. The relative 
positions are the same as in part 
(a) J but now the sun is the cen- 
ter of the system and the earth's 
orbit replaces the epicycle of 
the planet P. 
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ment we move the earth from the center of all the motions and 
put the sun at the center. Also, we have eliminated the 
planet's epicycle and replaced it by the orbit of the earth. 
In addition, we have changed the frame of reference and put 
the sun instead of the earth at the origin of the coordinate 
system and the center of the planetary motions. Now the 
model resembles the Copernican system. Furthermore, the 
relative distance from the sun to each planet is set. 

Table 6.3 The Sizes of Planetary Orbits 



Ptolemy ' s Ratios 
Deferent/Epicycle 
(R/r) 



Copernicus * 
R, vhen r = 1 



Saturn 

Jupiter 

Mars 

Earth 

Venus 

Mercury 



10,000/1090 
10,000/1916 
10,000/6580 
(one astronomiccil unit) 



9.2 

5.2 

1.52 

1.00 

0.72 

0.38 



Modern Values 

9.54 A.U. 

5.20 

1.52 

1.00 

0.72 

0.39 



Q4 What new results did Copernicus obtain 
with a moving-earth model which were not 



possible with a geocentric model for the 
planetary system? 



6.3 Arguments for the Copernican System. Since Copernicus 
knew that to many his work would seem absurd, "nay, 
almost contrary to ordinary human understanding," he tried 
to meet the old arguments against a moving earth in several 
ways . 

1. Copernicus argued that his assumptions agreed with 
dogma at least as well as Ptolemy's. Copernicus has many 
sections on the limitations of the Ptolemaic system (most 
of which had been known for centuries) . Other sections 
pointed out how harmonious and orderly his own system 
seems and how pleasingly his system reflects the mind of 
the Divine Architect. To Copernicus, as to many scientists, 
the complex events they saw were but symbols of the working 
of God's mind. To seek symmetry and order in the observed 
changes was to Copernicus an act of reverence. To him the 
symmetry and order were renewed proof of the existence of 
the Deity. As a highly placed and honored church dignitary, 
he would have been horrified if he had been able to foresee 
that his theory would contribute to the sharp clash, in 
Galileo's time, between religious dogma and the interpreta- 
tions that scientists gave to thoir experiments. 

2. Copernicus' analysis v;as as thorough as that of 
Ptolemy. He calculated the relative radii and speeds of 
the circular motions in his system so that tables of 
planetary motion could be made. Actually the theories of 



f»re 1he tjjf?0^ arty^meritS 
(Ased fcy Ooptrnxous .me anlt^ Y\m^ 
cbsery<aidn predicted bfA sun- 
ce^ensd sijslem y^/asine annual 
farallay^ of tffe sUfrs - wHidi was 
riiA obeersfed. B/erx f^emu knew 
flwt Urie. work of h^crchus^ 
Section #7At Hie distance^ 
IcHS^/een eartti ar^d sun uxs 
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Ptolemy and Copernicus were about equally accurate in 
predicting planetary positions, which for both theories 
often differed from the observed positions by as much 
as 2°, or four diameters of the moon. 

3. Copernicus cleverly tried to answer several objec- 
tions that were certain to be raised against his helio- 
centric system — as they had been, long ago, against that of 
Aristarchus. To the argument that the earth, rotating so 
rapidly about its own axis, would surely burst like a fly- 
wheel driven too fast, he asked, "Why does the defender of _ ^, 

the geocentric theory not fear the sama fate for his rotating**^^ imtrxe^^se di^Srice^ cf lt^e. 
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celestial sphere — so much faster because so much larger?" 
To the argument that birds in flight and clouds should be 
left behind by the rapidly rotating and revolving earth, 
he answered that the atmosphere is dragged along with the 
earth. 

To the old question of the absence of parallax for 
the fixed stars, he could only give the same answer as 
Aristarchus : 

...the dimensions of the world [universe] are so 
vast that though the distance from the sun to the 
earth appears very large as compared with the size 
of the spheres of some planets, yet compared with 
the dimensions of the sphere of the fixed :tars, 
it is as nothing. 

However, would you expect that those who believed in a small 
earth-centered universe would be persuaded that the stars 
were far away because their parallax was not observed? The 
argument was logical, but not convincing. 

4. Copernicus claimed that the greatest advantage of his 
scheme was its simple description of the general motions of 
the planets. Figure 5.7, p. 11, shows how the retrograde 
motions will appear from a moving earth. 

Yet for computations, because Copernicus would not use 
eqjants, he needed more small motions than did Ptolemy to 
account for the observations. 
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Q5 What arguments did Copernicus use in 
favor of his system? 

Q6 What were the largest differences between 
observed planetary positions and those 
predicted by Ptolemy and Copernicus? 



Q7 In what way was Copernicus* conclusion 
about the distance to the stars not 
convincing? 

Q8 Did the Copernican system provide simple 
calculations of where the planets should 
be seen? 



Arguments against the Copernican system . Copernicus • hopes 
for acceptance of his theory were not quickly fulfilled. 
More than a hundred years passed before the heliocentric 
system was generally accepted even by astronomers. In 
the meantime the theory and its few champions met power- 
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ful opposition. Most of the arguments were the same as 
those used by Ptolemy against the heliocentric ideas of 
Aristarchus. 

1. Apart from its apparent simplicity, the Copernican 
system had no scientific advantages over the geocentric 
theory. There was no known observation that was explained 
by one system and not by the other. Copernicus introduced 
no new types of observations into his work. Furthermore, 
the accurr.cy of his final predictions was little better 
than that of Ptolemy •s results. As Francis Bacon wrote 
in the early seventeenth century: "Now it is easy to see 
that both they who think the earth revolves and they who 
hold the old construction are about equally and indiffer- 
ently supported by tne phenomena." 
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Basically, the rival systems differed in their choice 
of reference systems used to describe the observed 
motions. Copernicus himself stated the proble~i clearly: 

Although there are so many authorities for saying 
that the Earth rests in the centre of the world that 
people think the contrary supposition. . .ridiculous; 
...if, however, we consider the thing attentively, 
we will see that the question has not yet been decided 
and accordingly is by no means to be scorned. For 
every apparent change in place occurs on account of the 
movement either of the thing seen or of the spectator, 
or on account of the necessarily unequal movement of 
both. For no movement is perceptible relatively to 
things moved equally in the same directions — I mean 
relatively to the thing seen and the spectator. Now 
it is from the Earth that the celestial circuit is 
beheld and presented to our sight. Therefore, if 
some movement should belong to the Earth... it will 
appear, in the parts of the universe which are outside, 
as the same movement but in the opposite direction, as 
though the things outside were passing over. And the 
daily revolution. .. is such a movement. 



1^9 • fr(?yYxes op r^0(brencc 
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In that statement Copernicus invites the reader to shift 
the frame of reference from that of an observer on the 
earth to one at a remote position looking upon the whole 
system with the sun at the center. As you may know from 
personal experience, such a shift is not easy for us even 
today. Perhaps you can sympathize with those who preferred 
to hold to an earth-centered system for describing what 
they actually saw. 

Physicists now generally agree that all systems of 
reference are equivalent, although some may be more com- 
plex to use or think about. The modern attitude is that 
the choice of a frame of reference depends mainly on 
which will provide the simplest solution to the problem 
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being studied. We should not speak of reference systems as 
being right or wrong, but rather as being convenient or incon- 
venient. However, a reference system that may be acceptable 
to one person may involve philosophical assumptions that are 
unacceptable to another. 

2. The lack of an observable parallax for the fixed stars 
was against Copernicus' model. His only reply was unaccept- 
able because it meant that the stars were practically an 
infinite distance away from the earth. To us this is no 
shock/ because we have been raised in a society that accepts 
the idea. Even so, such distances do strain our imagination. 
To the opponents of Copernicus such distances were absurd. 

The Copernican system led to other conclusions that were 
also puzzling and threatening. Copernicus found actual dis- 
tances between the sun and the planetary orbits. Perhaps 
the Copernican system was not just a mathematical procedure 
for predicting the positions of the planets. Perhaps Coper- 
nicus had revealed a real system of planetary orbits in 
space. This would be most confusing, for the orbits were 
far apart. Even the few small epicycles needed to account 
for variations in the motions did not fill up the spaces be- 
tween the planets. Then what did fill up these snaces? 
Because Aristotle had stated that "nature abhors a vacuum/' 
there had to be something in all that space. As you might 
expect/ those who felt that space should be full of something 
invented various sorts of invisible fluids and ethers to 
fill up the emptiness. More recently analogous fluids have 
been used in theories of chemistry, and of heat, light and 
electricity. 

3. Since no definite decision between the Ptolemaic 
and the Copernican theories could be made on the astro- 
nomical evidence, attention focused on the argument con- 
cerning the immobility and central position of the earth. 
For all his efforts, Copernicus was unable to persuade 
most of his readers that the heliocentric system was at 
least as close as the geocentric system to the mind and 
intent of God. All religious faiths in Europe, including 
the new Protestants, found enough Biblical quotations 
(e.g., Joshua 10: 12-13) to assert that the Divine Archi- 
tect had worked from a Ptolemaic blueprint. Indeed, the 
religious reformer Martin Luther branded Copernicus as 

"the fool who would overturn the whole science of astronomy.'* 

Eventually, in 1616, when storm clouds were raised by 
the case of Galileo, the Papacy put De Revolutionibus on 
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the Index of forbidden books as "false and altogether 
/K'.Tri'al of CopemtcUff opposed to Holy Scriptures/' and withdrew its approval of 

an earlier outline of Copernicus' work. Some Jewish 
communities forbade the teaching of the heliocentric 
theory. It was as if man insisted on the middle of the 
stage for his earth, the scene of both his daily life 
and prayer in a world he felt was created especially for 
him. 

The assumption that the earth was not the center of the 
universe was offensive. But worse, the Coper nican system 
suggested that the other planets were similar to the 
earth. Thus the concept of the heavenly ether was threat- 
ened. Who knew but what some fool might next suggest that 
the sun and possibly even the stars were made of earthly 
materials? If the other celestial bodies, either in our 
solar system or beyond, were similar to the earth, they 
might even be inhabited, no doubt by heathens beyond the 
power of salvation! Thus the whole Copernican scheme led 
to profound philosophical questions. 

4. The Copernican theory conflicted with the basic 
propositions of Aristotelian physics. This conflict is 
well described by H. Butterfield: 

...at least some of the economy of the Copernican 
system is rather an optical illusion of more recent 
centuries. We nowadays may say that it requires 
smaller effort to move the earth round upon its axis 
than to swing the whole universe in a twenty-four 
hour revolution about the earth; but in the Aristo- 
telian physics it required something colossal to 
shift the heavy and sluggish earth, while all the 
skies were made of a subtle substance that was sup- 
posed to have no weight, and they were comparatively 
easy to turn, since turning was concordant with 
their nature. Above all, if you grant Copernicus 
a certain advantage in respect of geometrical 
simplicity, the sacrifice that had to be made 
for the sake of this was tremendous, you lost 
the whole cosmology associated with Aristoteli- 
anism — the whole intricately dovetailed system in 
which the nobility of the various elements and the 
hierarchical arrangement of these had been so beau- 
tifully interlocked. In fact, you had to throw 
overboard the very framework of existing science, 
and it was here that Copernicus clearly failed to 
discover a satisfactory alternative. He provided 
a neater geometry of the heavens, but it was one 
which made nonsense of the reasons and explanations 
that had previously been given to account for the 
movements in the sky. 

Although the sun-centered Copernican scheme was equiv- 
alent to the Ptolemaic in explaining the astronomical 
observations, to abandon the geocentric hypothesis seemed 
"philosophically false and absurd," dangerous, and fan- 
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tastic. What other reaction could one have expected? 
Learned Europeans at that time recognized the Bible and 
the writings of Aristotle as their two supreme sources of 
authority. Both appeared to be challenged by the Coper- 
nican system. Although the freedom of thought that marked 
the Renaissance was just beginning, the old image of the 
world provided security and stability to many. 

Similar conflicts between the philosophical assumptions 
underlying accepted beliefs and those arising from scien- 
tific studies have occurred many times. During the last 
century there were at least two such conflicts. Neither 
is completely resolved today. In biology the evolutionary 
theory based on Darwin's work has had major philosophical 
and religious overtones. In physics, as Units 4, 5 and 
6 indicate, evolving theories of atoms, relativity, and 
quantum mechanics have challenged other long-held philo- 
sophical assumptions about the nature of the world and 
our knowledge of reality. 



Q9 Why did many people, such as Francis 
Bacon, adopt a ho-hum attitude toward 
the arguments about the correctness of 
the Ptolemaic or Copernican systems? 

Q10 What was the major difference between 

the Ptolemaic and the Copernican systems? 

QTI How did the astronomical argument become 



involved with religious beliefs? 

Q12 In what way did the Copernican system 
conflict with the accepted physics of 
the time? 

Q13 List some conflicts between scientific 
theories and philosophical assumptions 
of which you are aware. 



6.5 Historical consequences . Eventually, the moving-earth model 
of Copernicus was accepted. However, the slowness of that 
acceptance is illustrated by a recent discovery in the diary 
of John Adams / the second President of the United States: he 
wrote that at Harvard College on June 19, 1753, he attended 
a lecture where the correctness of the Copernican system was 
disputed. 

Soon we shall follow the work which gradually led to the 
general acceptance of the heliocentric theory, yet within a 
century the detailed Copernican system of uniform circular 
motions with eccentrics and epicycles was replaced. We shall 
see that the real scientific significance of Copernicus* work 
lies in the fact that a heliocentric formulation opened a new 
way for understanding planetary motion. This was through 
the simple laws of ordinary (terrestrial) mechanics which 
were developed during the 150 years that followed. 

The Copernican model with moving earth and fixed sun 
opened a floodgate of new possibilities for analysis and 
description. According to this model the planets could 
be considered as real bodies moving along actual orbits. 
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Mars 
♦ 



Sun 



Fig. 6,6 In the Copernican 
syste^n, the center of the def- 
erent of Mars was offset from 
the sun to point C. In addic- 
tion, a small epicycle was 
needed to account for minor 
variations in the planet's 
mo t ion . 



'Tflis SeciToh din^dts aHerittdn ib ifixe. 
importance^ of new wai^ of lookina 
at old prchiems . Por a oorxstdoroi^e 
firm, evevK weW afier ihe wori< of 
h/ewfert , as ine diayu >a<5fertldvi 
JbJtn Adams indicates educdtea 
^people Uiaew >b<?ut Ipie Coperricon 

but did n<^ necesear'Aij 
believe. -fPtct! it rep^reser^^ 1f}e 
mxl motion o^Hne. plongfe. 



What other scientific theories 
do you know which challenge the 
assumption that man he sum- 
rait of creation? 



Now Kepler and others could consider these planetary paths 
in auite new ways. 

In science, a new set of assumptions often leads to new 
interpretations and unexpected results. Usually the sweep 
of possibilities cannot be foreseen by those who begin the 
revolution — or by their critics. For example, the people 
who laughed at the first automobiles, which moved no faster 
than a walking horse, failed to realize that those automo- 
biles were but a crude beginning and could soon be improved, 
while the horse was in its "final edition." 

The memory of Copernicus is honored for two additional 
reasons. First, he was one of those giants of the fif- 
teenth and sixteenth centuries who challenged the contem- 
porary world-picture. Second, his theory became a main 
force in the intellectual revolution which shook man out 
of his self-centered view of the universe. 

As men gradually accepted the Copernican system, they 
necessarily found themselves accepting the view that the 
earth was only one among several planets circling the sun. 
Thus it became increasingly difficult to assume that all 
creation centered on mankind. 

Acceptance of a revolutionary idea based on quite new 
assumptions, such as Copernicus' shift of the frame of 
reference, is always slow. Sometimes compromise theories 
are proposed as attempts to unite two conflicting alter- 
natives, that is, "to split the difference." As we shall 
see in various Units, such compromises are rarely success- 
ful. Yet the conflict usually stimulates new observations 
that may be of long-term importance. These may lead to 
the development or restatement of one theory until it is 
essentially a new theory, as we shall see in Chapter 7. 

Such a restatement of the heliocentric theory came 
during the years after Copernicus. While many men pro- 
vided observations and ideas, we shall see that major 
contributions were made by Tycho Brahe, Kepler, Galileo 
and then Isaac Newton. New and better solutions to the 
theoretical problems required major improvements in the 
precision with which planetary positions were observed. 
Such improvements and the proposal of a compromise theory 
were the life work of the astronomer Tycho Brahe. 



Q14 In terms of our historical perspective, 
what was probably the greatest contribu- 
tion of Copernicus? 

Q16 How did the Copernican system encourage 



the suspicion that there might be life 
on objects other than the earth? Is 
such a possibility seriously considered 
today? 
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6,6 Tycho Brahe , Tycho Brahe (Fig. 6.7) was born in 1546 of 
a noble, but not particularly rich, Danish family. By 
the time Tycho was thirteen or fourteen, he had become 
intensely interested in astronomy. Although he was 
studying law, he secretly spent his allowance money on 
astronomical tables and books such as the Almagest and 
pe Revolutionibus. Soon he discovered that both Ptolemy 
and Copernicus had relied upon tables of planetary posi- 
tions that were inaccurate. He concluded that before a 
satisfactory theory of planetary motion could be created 
new astronomical observations of the highest possible 
accuracy gathered during many years would be necessary. 

Tycho 's interest in studying the heavens was increased 
by an excitinj observation in 1572. Although the ancients 
had taught that the stars were unchanging, Tycho observed 
a "new star" in the constellation Cassiopeia. It soon 
became as bright as Venus and could be seen even during 
the daytime. Then over several years it faded until it 
was no longer visible. To Tycho these changes were astonish 
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See "The Boy Who Redeemed His 
Father's Name" in Project Physics 
Reader 2. 
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believed that no changes were possible in the starry 
heavens, at least one assumption of the ancients was 
wrong. Perhaps other assumptions were wrong, too. What 
an exciting life he might have if he could study the 
heavens, searching for other changes of the stars and 
planets . 

After observing and writing about the "new star," Tycho 
travelled through northern Europe where he mev. many other 
astronomers and collected books. Apparently he was con- 
sidering moving to Germany or Switzerland where he could 
easily meet other astronomers. To keep the young scien- 
tist in Denmark, King Frederick II made Tycho an offer 
that was too attractive to turn down. Tycho was given an 

entire small island, and also the income derived from various^ 4. , ' z.™ 



See "The Great Comet of 1965" in 
Project Physics Reader 2 . 
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Fig. 6.8 




Fig. 6.7 



At the top left is a plan of the observatory, 
gardens and wall built for Tycho Brahe at Urani- 
borg) Denmark. 

The cross section of the observatory, above 
center, shows where most of the important in- 
struments were housed. Under the arch near the 
left is Tycho *s largest celestial sphere. 

At the left is the room containing Tycho^s 
great quadrant. On the walls are pictures of 
Tycho and some of his instruments. 

Above is a portrait of Tycho painted about 
1597. 
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a research center, uraniborg was a place where scientists, 
technicians and students from many lands could gather to 
study astronomy. Here was a unity of action, a group effort 
under the leadership of an imaginative scientist to advance 
the boundaries of knowledge in one science. 

In 1577 Tycho observed a bright comet, a fuzzy object 
which moved across the sky erratically, unlike the orderly 
motions of the planets. To find the distance to the comet 
Tycho compared observations of its position seen from 
Denmark with its positions observed from elsewhere in 
Europe. At a given time, the comet had the same position 
among the stars even though the observing places were many 
hundreds of miles apart. Yet the moon's position in the 
sky was different when viewed from the ends of such long 
baselines. Therefore, Tycho concluded, the comet must 
be at least six times farther away than the moon. This 
was an important conclusion. Up to that time comets had 
been believed to be some sort of local event, like a cloud 
in the sky. Now comets had to be considered as distant 
astronomical objects which seemed to move right through 
the crystalline spheres. Tycho 's book on this comet was 
widely read and helped to undermine belief in the old as- 
sumptions about the nature of the heavens. 
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Fig, 6.9 The bright comet of 
1965. 




Fig. 6.10 Motion of Halley's 
Comet In 1909-10. 



Q16 What stimulated Tycho to become inter- 
ested in astronomy? 

Q17 Why were Tycho 's conclusions about the 
comet of 1577 important? 

^18 In what ways was Tycho •s observatory 
like a modern research ins'^itute? 
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Q19 What evidence can you find that comets 
had been considered as omens of some 
disaster? 

020 How can you explain the observed motion 
of Halley's comet during 1909-1910 as 
shown in Fig, 6.10? 
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Fig. 6.11 One of Tycho's In- 
struments, a quadrant; a device 
for measuring the angular alti- 
tude of heavenly objects.. 
Unfortunately all of Tycho's 
instruments have been destroyed 
or lost. 



6>7 Tycho's observations, Tycho's fame results from his life- 
long devotion to making unusually accurate observations of 
the positions of the stars, sun, moon, and planets. He 
did this before the telescope was invented. Over the 
centuries many talented observers had been recording the 
positions of the celestial objects, but the accuracy of 
Tycho's work was much greater than that of the best astrono- 
mers before him. How was Tycho Brahe able to do what no 
others had done before? 

Singleness of purpose was certainly one of Tycho 's 
assets. He knew that observations of the highest preci- 
sion must be made during many years. For this he needed 
improved instruments that would give consistent readings. 
Fortunately he possessed both the mechanical ingenuity to 
devise such instruments and the funds to pay for their con- 
struction and use. 



Tycho *s first improvement on the astronomical instru- 
ments of the day was to make them larger. Most of the 
earlier instruments had been rather small, of a size that 
could be moved by one person. In comparison, Tycho 's 
instruments were gigantic. For instance, one of his early 
devices for measuring the angular altitude of planets was 
a quadrant having a radius of about six feet (Fig. 6.11). 
This wooden instrument was so large that it took many 
men to set it into position. Tycho also put his instru- 
ments on heavy, firm foundations. Another huge instrument 
was attached to a wall that ran exactly north-south. By 
increasing the stability of the instruments, Tycho increased 
the reliability of the readings over long periods of time. 
Throughout his career Tycho also created better sighting 
a^tronomixd ohse^er ^ofYta^ern^^^^^^^' precise scales and stronger support systems, 

l^urope,. Me develop^ ifie, e^fui- made dozens of other changes in design which increased 

^" ' the precision of the observations. 

Not only did Tycho devise better instruments for making 
his observations, but he also determined and specified the 
actual limits of precision of each instrument. He realized 
that merely making larger and larger instruments does not 
always result in greater precision; ultimately, the very 
size of the instrument introduces errors since the parts 



See "A Night at the Observatory" 
in Project Physics Reader 2 . 

For a more modern example of 
this same problem of instrumen- 
tation, you may wish to read 
about the development and con- 
struction of the 200- inch Hale 
telescope on Mt. Palomar. 
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to make his instruments as large and strong as ne could 
without at the same time introducing errors due to bending. 
Furthermore, in the modern tradition, Tycho calibrated 
each instrument and determined its range of systematic 
error. (Nowadays most scientific instruments designed 



for precision work are accompanied by a statement, usually 
in the form of a table, of systematic corrections to be 
applied to the readings.) 

Like Ptolemy and the Moslem observers, Tycho knew that 
the light from each heavenly body was bent downward in- 
creasinaly as the object neared the horizon (Figs, 6,12 
and 6,13), an effect known as atmospheric refraction. To 
increase the precision of his observations, Tycho carefully 
determined the amount of refraction so that each observa- 
tion could be corrected for refraction effects. Such 
careful v/ork was essential if improved records were to 
be made. 

At Uraniborg, Tycho worked from 1576 to 1597, After 
the death of King Frederick II, the Danish government 
became less interested in helping to pay the cost of 
Tycho's observatory. Yet Tycho was unwilling to consider 
any reduction in the costs of his activities. Because 
he was promised support by Emperor Rudolph of Bohemia, 
Tycho moved his records and several instruments to Prague, 
There, fortunately, he took on as ^n assistant an able, 
imaginative young man named Johannes Kepler, When 
Tycho died in 1601, Kepler obtained all his records about 
Mars, As Chapter 7 reports, Kepler's analysis of Tycho *s 
observations solved much of the ancient problem. 



Fig, 6,12 The oblate setting 
sun. The light's path thvough 
the earth's atmosphere caused 
the sun to appear both oval and 
rough-edged , 




Fig. 6.13 Refraction, or 
bending, of light from a star 
by the earth's atmosphere. The 
amount of refraction shown in 
the figure is greatly exagger* 
ated over what actually occurs, 

A : OhsBKvrVtoj SiArtspots 
Geo AJmosphenc ^cfrocfevi 



021 what improvements did Tycho make in as- 
tronomical instruments? 



022ln what way did Tycho correct his obser- 
vations to provide records of higher 
accuracy? 




Fig. 6.14 Main spheres in 
Tycho Brahe's system of the 
universe. The earth was fixed 
and wds at the center of the 
universe. The planets revolved 
around the sun, while the sun, 
in turn, revolved around the 
fixed earth. 



6,8 Tycho' s compromise system, Tycho 's observations were 

intended to provide a basis for a new theory of planetary 
motion which he had outlined (Fig, 6,14) in an early 
publication. Tycho saw the simplicity of the Copernican 
system by which the planets moved around the sun, but he 
could not accept the idea that the earth had any motion. 
In Tycho* s system, all the planets except the earth moved 
around the sun, which in turn moved around the stationary 
earth. Thus he devised a compromise theory which, as he 
said, included the best features of both the Ptolemaic 
and the Copernican systems, but he did not live to publish 
a quantitative theory. As we look at it today, his system 
is equivalent to either the Copernican or the Ptolemaic 
system. The difference between the three systems is the 
choice of what is regarded as stationary, that is, what 
frame of reference is chosen. 



SuyfintcoriA 6.^ 



sun, but could yiet con- 
oeive iPiat ihe earlh^-tbo^ 
nti^ht rrpve. Wis posttfcn 
was jwstipect because, no 
observotibne sua^e^ed a 
heliocetitrio moae( j on /He 
coritrarj^, such a poss'ib'tiftiA 
deped ancient philosofhicai 
cwA reii^ioiAS ffw6ifforis. 



The compromise Tychonic system was accepted by some 
people and rejected by others. Those who accepted 
/. 'Tljcho'^ could accept -fftat "tfie Ptolemy objected to Tycho 's proposal that the planets 
planets mossed around IPie^ n^oved around the sun. Those who were interested in the 

Copernican model objected to having the earth held 
stationary. Thus the argument continued between those 
holding the seemingly self-evident position that the 
earth was stationary and those who accepted, at least 
tentatively, the strange, exciting proposals of Coper- 
nicus that the earth might rotate and revolve around 
the sun. These were philosophical or aesthetic prefer- 
ences, for the scientific evidence did not yet provide an 
5. Ifie dbservciidnak evidence observational basis for a choice. To resolve the conflict 
Couid be. SC&is^\ed btj eitPie^r ^nd to produce a drastically revised sun-centered model 
iheOriAy ^^tere was YlO dntxtoX was the work of Kepler who analyzed Tycho 's high-quality 
- ^ ir»wt vritp/ observations of Mars. 

All planetary theories up to this time had been devel- 
oped only to provide some system by which the positions 
of the planets could be predicted fairly precisely. In 
the terms used in Unit I, these would be called kinematic 
descriptions. The causes of the motions — what we now call 
the dynamics of the motions — ^had not been questioned. The 
motions were, as Aristotle said, "natural." The heavens 
were still considered to be completely different from 
earthly materials and to change in quite different ways. 
That a common physics could describe both earthly and 
heavenly motions was a revolutionary idea yet to be 
proposed. 



lack of Stellar parallax. 
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The Copernican system opened again the argument mentioned 
at the end of Chapter 5: were the Copernican orbits actual 
paths in space, or only convenient computational devices? 
We shall see that: the eventual succes.v of the Newtonian 
synthesis led to the confident assumption that scientists 
were describing the real world. However, later chapters 
of this text, dealing with recent discoveries and theories, 
will indicate that today scientists are much less certain 
that they know what is meant by the word reality. 

The status of the problem in the early part of the 
seventeenth century was later well described by the 
English poet, John Milton, in Paradise Lost : 

...He his fabric of the Heavens 
Hath left to their disputes, perhaps to move 
His laughter at their quaint opinions wide 
Hereafter, when they come to model Heaven 
And calculate the stars, how they will wield 
The mighty frame, how build, unbuild, contrive 
To save appearances, how gird the sphere 
With centric and eccentric scribbled o'er, 
Cycle and epicycle, orb in orb. 



Q23ln what ways did Tycho's system for plan- 
etary motions resemble either the Ptole- 
maic or the Copernican systems? 

Q24TO what degree do you feel that the Co- 



pernican system, with its many motions 
on eccentrics and epicycles, reveals real 
paths in space rather than being only 
another means of computing planetary 
positions? 



6.1 



Study Guide 



The diagram to the right shows the 
motions of Mercury and Venus east and 
west of the sun as s.>en from the earth 
during 1966-67. The time scale is in- 
dicated at 10-day intervals along the 
central line of the sun's position. 

a) Can you explain why Mercury and 

Venus appear to move from far- 
thest east to farthest west more 
quickly than from farthest west 
to farthest east? 

b) From this diagram cein you find a 

period for Mercury •s apparent 
position in the sky relative to 
the sun? 

c) With the aid of the "watch model" 

can you derive a period for Mer- 
cury's orbital motion around the 
sun? 

d) What are the major sources of un- 

certainty in th? results you de- 
rived? 

e) Similarly can you et-timate the 

orbital period of Venus? 




r»iitlMii el V«fH>i titi Mercury 
lilitfvi to Sun, m6*67 
ii'dMY Intfrvili) 



Sun'i poilclon it 
lO'Jiv Intffvili 



Chapter 7 A New Universe Appears - The Work of Kepler and Galileo 
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7.1 The abandonment of uniform circular motion . Kepler's life- 
long desire was to perfect the heliocentric theory. He 
viewed the harmony and simplicity of that theory with "in- 
credible and ravishing delight." To Kepler, Fig. 7.1, such 
patterns of geometric order and numerical relat'on were 
clues to God's mind. Therefore, to unfold these patterns 
further through the heliocentric theory Kepler attempted in 
his first major paper to explain the spacing of the planetary 
orbits, as found by Copernicus (Table 6.3, p. 34). 

From the time of the Greeks learned men knew that there 
were just five regular geometrical solids. The regular solid 
with six square faces is the cube. The dodecahedron has twelve 
five-sided faces. The other three regular solids have faces 
which are equilateral triangles. The tetrahedron has four 
triangular faces, the octahedron has eight triangular faces, 
and the icosahedron has twenty triangular faces. 

Kepler wondered whether there was any relation between 
these five solids and the six known planets. He realized 
that these five regular solids could be nested, one inside 
the other like a set of mixing bowls. Between the five 
solids would be four spaces for planetary spheres. A fifth 
sphere could be inside the whole nest and a sixth sphere 
could be around the outside. Perhaps then some sequence of 
the five solids just touching the spheres would actually be 
spaced at the same relative distances from the center as 
were the planetary orbits. Kepler said: 

I took the dimensions of the planetary orbits ac- 
cording to the astronomy of Copernicus, who makes the 
sun immobile in the center, and the earth movable both 
around the sun and upon its own axis; and I showed 
that the differences of their orbits corresponded to 
the five regular Pythagorean figures.... 

By tria* and error Kepler found a fit within about five 
percent of e actual planetary distances. To Kepler this 
remarkable system, illustrated in Fig. 7.2, explained the 
spacings of the planets. Also it indicated the unity he 
expected between geometry and scientific observations. Kep- 
ler's results, published in 1597, demonstrated his imagination 
and computational ability. Furthermore, it brought him to the 
attention of Tycho and Galileo. As a result, Kepler was in- 
vited to become one of Tycho 's assistants at his new observa- 
tory in Prague. 

There Kepler was given the task of determining more pre- 
cisely the orbit of Mars. This problem had not been solved 
by Tycho and his other assistants; the motion of Mars was 
unusually difficult to explain. Years later, after he had 
solved the problem, Kepler wrote that . . Mar? 3I0X 



The five "perfect solids," taken 
from Kepler's Harmon ices Mundi « 
are shown on the opposite page. 
You can distinguish several of 
these solids in Fig. 7.2. The 
five regular solids are 

1. the tetrahedron: four 
equilateral triangles; 

2. the rube:, six squares; 

3. the octahedron: eight 
equilateral triangles; 

4. the dodecahedron: twelve 
pentagons ; 

5. the icosahedron: twenty 
equilateral triangles. 

Surmruxruj 7-1 

/. After cariaful sfUdu of 

jvund ttrifit: he could rta: 
calcul<^ ifrte^ ori?it of Hars* 
anlees |^ ohano(/>yied "Platb's 
OssiAmi^ijbYK op uniform 
c\Yx:4A\ar rnotidvxs, 

SI, Ide^ -fJricii "fe^ of a 
ipie€fr\^ uporx'ffSs fit 

v/i^ obsen/atidns. 




Fig. 7.2 A model of Kepler's 
explanation of the spacing of 
the planetary orbits by means 
of the regular geometrical 
solids. Notice that the plane- 
tary spheres were thick enough 
to include the small epicycle 
used by Copernicus. 



ivea tne problem, Kep±er wrote that • • Mars alonjs 

1<emiind ^(OfcieniS fioC otf rtinoMgl^ Chapt^ 6 and b, The cmrnpts 
-to de^H^n YYXodeLs -ib explain '^e inndt\6\a 
Fig. 7.1 Johannes Kepler (i57i.Heavor?ftj hodxCG W0re boseiA cn Urtc os^vrp^ 
1630) • iXdnmOt uin^rm drtuhcT mOloyis was a nece^sm\. 
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enables us to penetrate the secrets of astronomy which other- 
See "Kepler" in Project Physics wise would remain forever hidden from us." The motion of 
Reader 2 . 

TI. ^ O turned out, was the start from which Kepler could 

»H.^.^T^»^ b^lrl '^T" '""^ '''''' °' - 

modol ondL -tfle obxrvatidns ^ motion of falling bodies to redirect the study of 

prwiaias A pihc OppO¥iUmXU terrestrial motion. 

otn^rs, 0)^1^ pJitTthii ""^ ^ '^''^'''^ ^'"^ ''''^ """^ 

F^'rt^ OK Iti^ pt^^rw^dtconr nervations by means of motions on an .-ccentric circle and an 
OMCf irCCO^rliscng tPiSf: tdeorieSp^^^^^- ^i^^ Copernicus, Kepler eliminated the need for the 
OS mfei(€dtUa( ConSitfnAct^ , large epicycle by putting the sun motionless at the center 
^"if^ ^'^fP ^ <>fe5^2^Wand having the earth move around it, as in Fig. 6.5, p. 33. 
obs^rviXtlonat error Kepler made an assumption which differed from Copernicus* 

Ifte Chana^ in asSU0W- recall that Copernicus had rejected the equant as an im- 

tCefnS is U>0^ altentSc^rx . fevACrc^P^oP^ type of motion, but used small epicycles. Kepler used 
tfi^Wy in\A}l\^S aCffumpCowS . an equant, but refused to use even a small epicycle. To 

Kepler the epicycle seemed "unphysical" because the center 
of the epicycle was empty and empty space could not exert 
any force on a planet. Thus from the start of his study 
Kepler was assuming that the orbits were real and that the 
motions had some causes. Even though Kepler's teacher ad- 
vised him to stick with "astronomical" (only observational) 
rather than physical assumptions, Kepler stubbornly stuck 
to his idea that the motions must have causes. When finally 
he published his results on Mars, in his book, Astronomia Nova , 
the New Astronomy , it was subtitled Celestial Physics . 

For a year and a half Kepler struggled to fit Tycho's 
observations of Mars by various arrangements of an eccentric 
and an equant. When, after 70 trials, success finally seemed 
near he made a depressing discovery. Although he could rep- 
resent fairly well the motion of Mars in longitude (along 
the ecliptic) , he failed miserably with the latitude (the 
positions perpendicular to the ecliptic) . However, even in 
longitude his very best fit still had differences of eight 
minutes of arc between the predicted and Tycho's observed 
positions . 

See "Kepier on Mars" in 

Proiect Physics Reader 2 . Eight minutes of arc, about a fourth of the moon's diam- 

eter, may not seem like much of a difference. Others might 
have been tempted to explain it as observational error. But, 
with an integrity that has come to be expected of scientists, 
Kepler did not use that explanation. He knew from his own 
studies that Tycho's instruments and observations were rarely 
See "Kepler's Celestial Music" error by as much as two minutes of arc. Those eight min- 

P^^o . iect Physics Reader 2 . utes of arc meant to Kepler that his best system using an 

eccentric and an equant would not do. 



In his New Astronomy Kepler wrote: 



Since divine kindness granted us Tycho Brahe, the 
most diligent observer, by whose observations an er- kepleri^ y^pect -fhr ihe^ 
TOT of eight minutes in the case of Mars is brought ^c^^w>,fr^^^ i ,^1 , 

to light in this Ptolemaic calculation, it is fitting ^^^^cms Wa^ new. 
that we recognize and honor this favor of God with 
gratitude of mind. Let us certainly work it out, so 
that we finally show the true form of the celestial 
motions (by supporting ourselves with these proofs 
of the fallacy of the suppositions assumed). I my- 
self shall prepare this way for others in the follow- 
ing chapters according to my small abilities. For 
if I thought that the eight minutes of longitude were 
to be ignored, I would already have corrected the 
hypothesis found in Chapter 16 (that it, by bissect- 
ing the eccentricity). But as it is, because they 
could not be ignored, these eight minutes alone have 
prepared the way for reshaping the whole of astronomy, 
and they are the material which is made into a great 
part of this work. 

The geometrical models of Ptolemy and Copernicus based 
on uniform circular motions had to be abandoned. Kepler 
had the finest observations ever made, but now he had no 
theory by which they could be explained. He would have to 
start over to account for the difficult questions: what is 
the shape of the orbit followed by Mars, and precisely how 
does the speed of the planet change as it moves along the 
orbit? 



"""^tuJ'lrlle? '° °f problem to describe the motions of the 

^ urane/ planets by combinations of circular mo- 

Q2Why did Kepler conclude that Plato's 

7.2 Kepler's Law of Areas. Kepler's problem was immense. To solve Summart^ 7. H 

it wculd demand the utmost of his imagination and computational '^^CmOi^matxdn (S neceSSoriA 
skills, as well as of his persistence and health. {^Or iPie creatiSpi^ cf hujOoHfi^es 

ayid scte*ittfic moddis -^whick 

As the basis for his study Kepler had only Tycho's observed COn bei^ed O^Vt^ Jho&C- 
directions to Mars and to the sun on certain dates. But these VWfeVjS. 
observations were made from a moving earth whose orbit was o u ^ ' 

not well known. Kepler realized that he must first determine ^IoWT^ irtroductuinof 
more accurately the shape of the earth's orbit so that he -S^^'U'^ W^'^S'- 

would know where it was when the various observations of Mars hutiSn darftjina lPie 
had been made. Then he might be able to use the observations 9^^^^W«&*<^ cf plM^toortj 
to determine the shape and size of the orbit of Mars. Finally, 

to predict positions for Mars he would need some regularity ^ U<iru% t ' I J 

or law that described how fast Mars moved at various points ke^ercj^^^ 

in its orbit. j>3l . ^(atne. m^toias vo^ions of Ti^o id estahttit 

Fortunately Kepler made a major discovery which was cru- O^bfe^^ 21^^ 
cial to his later work. He found that the orbits of the 
earth and other planets were in planes which passed through 

the sun. With this simplifying model of planets moving in 4^- kefic^^ GeCOyid lotW ( loW 
individual planes Kepler could avoid the old patterns of ^ ^|Jf*^)- ^ -fbm #ie 

Ptolemy and Copernicus which required separate explanations ^ ^^^T, ^^^^^^^ 

^^^^ OiTtcs which occt, 

for the observed motions of the planets north and south of proportionaL -fe ihe ISrie 




Fig. 7.3 Edge-on view of orbit- 
al planes of earth and planet. 




(b) 
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Fig, 7,4 How Kepler determined 
approximately the shape of the 
earth's orbit. Initially, (a) 
Mars is opposite the sun. Af- 
ter 687 days» (b) Mars has re- 
turned to the same place in its 
orbit, but the earth is almost 
A5<> short of being at its ini- 
tial position. After Mars makes 
one more cycle, (c) the earth 
lags by about 90**. Since the 
directions from the earth to the 
sun and Mars are known, the di- 
rections of the earth as seen 
Ir'^m t:he sun and Mars are also 
known. Where these pairs of 
sight- lines cross must be points 
on the earth's orbit* 

52 



the ecliptic. Kepler discovered that the changing pos_cions 
of a planet could result from the planet's motion in its or- 
bit viev/ed from the earth moving in its plane (the plane of 
the ecliptic) as shown in Fig. 7.3. 

From his many studies Kepler knew that the earth and Mars 
moved in continuous paths that differed a bit from circles. 
His aim was to obtain a detailed picture or plot of the 
orbits as they might be seen by an observer above the ecliptic 
plane looking down on these moving bodies. To such an observ- 
er the planets would look like marbles rolling along nearly 
circular paths on the floor. Although the heliocentric idea 
gave a rough guide to what this system would look like, Kep- 
ler;' s task was to find from the data the general rules, or 
laws, that precisely fit the observations. As we work through 
his brilliant analysis, you will see the series of problems 
that he solved. 

To derive the earth's orbit he began by considering the 
moments when the sun, earth and Mars are essentially in a 
straight line. After 687 days, as Copernicus had found. Mars 
would return to the same place in its orbit. Of course, the 
earth at that time would not be at the same place in its 
orbit as whan tho first observation was made. Nevertheless, 
as Fig. 7.4 inclicates, the directions of the earth as seen 
from the sun and from Mars would be known. The crossing 
point of the sight-lines from the sun and from Mars must be 
a point on the earth's orbit. By working with several groups 
of observations made 687 days apart, Kepler was able to de- 
termine fairly accurately the shape of the earth's orbit. 

The orbit Kepler found for the earth appeared to be al- 
most a circle, with the sun a bit off center. Kepler also 
knew, as you have read in Sec. 5.7, that the earth moves 
around the sun fastest during December and January, and 
slowest during June and July. Now he had an orbit and time- 
table for the earth's motion. In Experiment 15 you made a 
similar plot of the earth's orbit. 

With the orbit and timetable of the earth known, Kepler 
could reverse the analysis. He triangulated the positions 
of Mars when it was at the same place in its orbit. For 
this purpose he again used observations separated by one 
orbital period of Mars (687 days). Because this interval is 
somewhat less than two earth years, the earth is at different 
positions in its orbit at the two times (Fig. 7.5). Then the 
two directions from the earth toward Mars differ, and two 
sight-lines can be drawn from the earth's positions; where 

pc^ibn of the oorlfi ch Ck^tt on vavv^JS dcStks. 



Mars* Orbit 




Fig. 7.5 How Kepler determined 
points on the orbit of Mars by 
triangulation. 



F(0 : Elliptus orHits 



they cross is a point on the orbit of Mars. From such Orbi^t ^ 

pairs of observations Kepler fixed points on the orbit of 
Mars. From a curve drawn through such points you can get 
fairly accurate values for the size and shape of Mars* 
orbit. Kepler saw at once that the orbit of Mars was not 
a circle around the sun. You will find the same result 
from Experiment 18. ^ ^ 

Because Mars, like the earth, moves faster when nearer ' 
the sun, Kepler began to wonder why this occurred. Perhaps 
the sun exerted some force which pushed the planets along 
their orbits. Here we see the beginnings of a major change 
in interpretation. In the systems of Ptolemy and Coperni- 
cus, the sun was not a special object in a mechanical or 
dynamical sense. Even in the Copernican system each planet A: lAeOSUrin^ irr0^lar oreOS 
moved around its special point near the sun. Ho physical 
relation had been assumed, only a geometrical arrangement. 
Motions in the heavens had been considered as perpetual 
motions along circles. Now Kepler began to suspect that 
there was some physical interaction between the sun and the 
planets which caused the planets to move along their orbits. 

While Kepler was studying how the speed of the planet 
changed along its orbit, he made an unexpected discovery; 
during equal time intervals a line drawn from the sun to the 
moving planet s/ept over equal areas. Figure 7.6 illustrates 
this for an orbit in which each pair of points is separated 
by equal time intervals. Between points A and B, the planet 
moves rapidly; between points G and H it moves slowly. Yet 
the areas swept over by the line from the sun to the planet 
are equal. Although Kepler discovered this Law of Areas 
before he discovered the exact shape of the orbits, it has 
become known as Kepler's second law. In its general form 
the Law of Areas states: the line from the sun to the moving 
planet sweeps over areas that are proportional to the time 
intervals . 




Fig.. 7.6 Kepler's second law. 
A planet moves along its orbit 
at a rate such that the line 
from the sun to the planet 
sweeps over areas which are 
proportional to the time inter- 
vals. 



A)^' fupils surprised, as was 
Xepigr, -fPiiSt siAch an umcfpedTeci 
ci^aracter\s(ic as Itie ''arm 
e^Mejf^ o\/&r uriit iTi^ wa^ 



Perhaps you are surprised that the first general law 
about the motions of the planets is concerned with the areas 
swept over by the line from the sun to the planet. After 

we have considered circles, eccentric circles, epicycles and Vne^ CCyt^d^tit -factl^r in orbrtat 
equants to describe the motion, we come upon a quite unexpec- 

ted property, the area swept over per unit time, as the first ^''^ Second («W, it 

property of the orbital met ion to remain constant. As we » » / 

shall see in Chapter 8, this major law of nature applies to 
all orbits in the solar system and also to double stars. Per- 
haps you can sympathize with Kepler, who wrote that he was in 
ecstasy when, after great labor and ingenuity, he finally 
found this law. At last the problem was beginning to crack. 



Bl7 on ih« of Mars, and oftit^oi 

01*? an iPie crbfC of tAerourt^ ypravides d\recX eyjperie^ice. witH c^hitU at^as 
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As we shall see, Kepler's other labors would have been of 
little use without this basic discovery, even though it was 
an empirical discovery — without any hint why this law should 
be. The Law of Areas establishes the rate at which Mars (or 
any other planet or comet) moves at a particular point of its 
orbit. But to use this for making predictions of positions, 
viewed from the sun or from the earth, Kepler needed also to 
know the precise size and shape of Mars' orbit. 



Q3 What types of observations did Kepler 
use for his study of Mars? 

Q4 What were the new problems that Kepler 
had to solve? 

QB What important simplifying assumption 
about planetary orbits was added by 
Kepler? 



Q6 State Kepler's Law of Areas • 

Q7 Summarize the steps Kepler used to de- 
termine the orbit of the earth. 

Q8 Describe the velocity changes of a planet 
as it goes around the sun in an elliptical 
orbit. (See next section.) 



7.3 Kepler's Law of Elliptical Orbits . By using the analysis we 
have described and illustrated in Fig. 7.5, p. 53, Kepler 
established some points on the orbit of Mars. But what sort 
of a path was this? How could he describe it? As Kepler 
said, "The conclusion is quite simply that the planet's path 
is not a circle — it curves inward on both sides and outward 
again at opposite ends. Such a curve is called an oval." 
But what kind of oval? 



Many different closed curves can be called ovals. Kepler 
thought for a time that the orbit was egg-shaped. Because 
such a shape did not agree with Kepler's ideas of physical 
interaction between the sun and the planet, he rejected the 
possibility that the orbit was egg-shaped. Kepler concluded 
that there must be some better way to describe the orbit and 
that he could find it. For many months, during which he 
often was ill and poverty-stricken, Kepler struggled with 
the question incessantly. Finally he was able to show that 
the orbit was a simple curve which had been studied in detail 
by the Greeks two thousand years before. The curve is called 
an ellipse . It is the shape you see when you view a circle 
at a slant. 

As Fig. 7.8 shows, ellipses can differ greatly in shape. 
They also have many interesting properties. For example, 
you can draw an ellipse by looping a piece of string around 
two thumb tacks pushed into a drawing board or cardboard at 
points Fi and F2 as shown in Fig. 7.7. Then, with a pencil 
point pull the loop taut and run the pencil once around the 
loop. You will have drawn an ellipse. (If the two thumb 
tacks had been together, what curve would you have drawn? 
What results do you get as you separate the two tacks more?) 




major 

IQ2 r- X 

axis 



Fig. 7.7 An ellipse showing the 
semi -major axis a, the semi- 
minor axis b, and the two foci 
Fj and F2 . The shape of an 
ellipse is described by its 
eccentricity, e, where 
e = FO/OQ, or e = c/a. (7.1) 



In any ellipse the sum of the 
distances from the two foci to 
a point on the curve equals the 
length of the major axis, or 
(FiP + F2P) = 2a. 

This property of ellipses allows 
us to draw them by using a loop 
of string around two tacks at 
the foci. Should the length of 
string tied Into the loop have 
a total length of (2a + 2c)? 



A page from Kepler *s notebooks. 



I kepiers fi^Ttft {(^ (law ellipses)-, fie plcmeS move h 
orbife which are eihjpse^ w\h ine sun at one focal point. 
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e = 0.3 



e = 0.5 



e = 0.7 



e = 0.8 



0.94 



e = 0.98 









Fig. 7.8 Ellipses of different 
eccentricities. A saucer was 
photographed at various angles. 

The terms perihelion and aphelion 
come from the Greek, In which 
hellos Is the sun, perl means 
nearest, and apo means farthest. 
What other words do you know In 
which the prefixes perl and 
322,* have similar mean- 

ings? 
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a. B^^en -/he iimes oP Copem'mg (xnd Newton a n\a\or shift 
m assumftions occHAnred ', oheervatidyi^ became 1*ie raw Input 
of SCKe^^ioe. as we(t as a check on pneviousli^ sftSTed y)ri?posifidn?. 

Each of the important points Fj and F2 is called a focus 
of the ellipse. 

What Kepler discovered was not merely that the orbit of 
Mars is an ellipse — a remarkable enough discovery in itself 
— but also that the sun is at one focus. (The other focus 
is empty.) Kepler stated these results in his Law of Ellip - 
tical Orbits ; the planets move in orbits which are ellipses 
and have the sun at one focus . That this is called Kepler's 
first law, although discovered after the Law of Areas, is an 
historical accident. 

The long or major axis of an ellipse has a length 2a. The 
short or minor axis, perpendicular to the major axis, has a 
length 2b, The point 0 midway between the two foci, Fj and 
F2, is called the center, and the distance between the foci 
is called 2c. Thus the distance from the center to either 
focus is c. 

The distance from any point P on the ellipse to the two 
foci can easily be found. Imagine that the loop is pulled 
out until your pencil is at the extreme point Q2 . Here the 
distance F1Q2 is (a + c) . At the other extreme point Qj the 
distance from F2 is also (a + c) • when we subtract the 
distance 2c between the foci, the remainder is 

FiP + F2P = 2a. 

For astronomical orbits the distance a is called the mean 
di stance of a point P from one focus (the sun) . 

As you probably discovered, the shape of an ellipse 
depends upon the distance between the foci. For that reason 
the shape of an ellipse is described by the ratio c/a, which 
is called the eccentricity of the ellipse and is denoted 
by e. Thus e = c/a. For a circle, which is an extreme form 
of an ellipse, the foci are together. Then the distance 
between foci is zero and the eccentricity is also zero. 
Other ellipses have eccentricities ranging between 0 and 1. 

If Fig. 7.7 were to represent a planetary orbit, the sun 
would be at one focus, say Fj , with no object at the other 
focus. The planet would be nearest the sun when it reached 
point Qi, and farthest from the sun at point Q2 . The point 
nearest the sun is called the perihelion point and the point 
farthest from the sun is called the aphelion point . The 
distances of these two points from the sun are called the 
perihelion distance and the aphelion distance respectively. 

An example will show how these properties of an ellipse 
can be used to provide new interesting information. For the 
planet Mercury the perihelion distance (QiFi in Fig. 7.7) 

Qorm /rjpjmicton on tf^e tfioui^W: onA iOtrmtkl -fte itthes rnqtit" be 



WrvduceA here. Vuritk^ itrie lhift{^ Years:* War cental Eurvpe was 

1 ^ it-.^ . ' ^ relic *' ^ ^ .1. 



a coKiffnW Itxrittegrwn^. Secaasz irie, war jKV^>(vec( veltaJcitts OfTMps^ persecudtUin was dtr^ 
e^ed at'in^MclMafs as we<( as Ot comrnm^iss. keftetk moOrier wos7ric<H as a WifeK 



has been found to be about 45.8 x lo^ kilometers while the 
aphelion distance F1Q2 is about 70.0 x 10^ kilometers. What 
is the eccentricity of the orbit of Mercury? 



e = c/a 

(QiFi + F1Q2) 



or 



45.8 X 10^ km + 70.0 x 10^ km 



c = 



Then e 



57.9 X 10^ km 
(mean distance 
(OQi - QFi) 
57.9 X 106 km • 

12.1 X 106 km. 

12,1 X 106 km 
57.9 ^ 106 km 



perihelion distance) 
- 45.8 X 106 km 
= 0.21 . 



Vu : Measuring larr^ di^<wtces — f55C 

r/7: iPte orh(t cf Mars 

B(9- Mercuru^s orbit 

"T/y • Orfci/fc parom^ers 

£*« ; "TFie 'iinciinoSidn of Mars' e)rfc/t 

A : l>iScov^r\^ Ue^ne and ?luto 



As Table 7.1 shows, the orbit of Mars has the largest ec- 
centricity of all the orbits that Kepler could study; those 
of Venus, earth, Mars, Jupiter and Saturn. Had he studied 
any planet other than Mars he might never have noticed that 
the orbit was an ellipse. Even for the orbit of Mars, the 
difference between the elliptical orbit and an off-center 
circle is quite small. No wonder Kepler later wrote that 
"Mars alone enables us to penetrate the secrets of astronomy." 

Table 7.1 The Eccentricities of Planetary Orbits 



Planet 


Orbital 
Eccentricity 


Notes 


Mercury 


0.206 


Too few observations for Kepler to 
study 


Venus 


0.007 


Nearly circular orbit 


Earth 


0.017 


Small eccentricity 


Mars 


C.093 


Largest eccentricity among planets 
Kepler could study 


Jupiter 


0.048 


Slow moving in the sky 


Saturn 


0.056 


Slow moving in the sky 


Uranus 


0.047 


Not discovered until 1781 


Neptune 


0.009 


Not discovered until 1846 


Pluto 


0.249 


Not discovered until 1930 



The work of Kepler illustrates the enormous change in out- 
look in Europe that had begun well over two centuries before. 
Scientific thinkers gradually ceased trying to impose human 
forms and motivations upon nature. Instead, they were be- 
ginning to look for and theorize about mathematical simpli- 
cities and mechanical or other models. Kepler rejected the 
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^ffer- Kepler hod -fhiAnd iPiat iPie orbit of Hats was ellipticol, and tpidt ike oUner playietanA 
orbtis also wer^ ellipses , he asked ^lll oMfther question : what reiatXovx cKxsts between ^ 
A -fas Sizes of-tPie vcincus orbits ? One answer cf&n opens riew qu^trns ^ -f^urtfier sfiidtj. 
■ ^ ancient idea that each planet had a "soul." Instead he, like 

Galileo, began to search for physical causes. Where Coperni- 
cus and Tycho were willing to settle for geometrical models 
by which planetary positions could be predicted, Kepler was 
one of the first to seek causes for the motions. This new 
desire for causal explanations marks the beginning of modern 
physical science. 




e = 0 





0<e<l ^ ^llps^ ^ 






1 I parabola 



e>l 




hyperbola 



Fig. 7.9 Conic sections. These 
four figures are formed when a 
cone is cut at different angles. 

V 3S : Conic sections 
from modal 

Empirical means "based on ob- 
servations, not on theory." 

A • "Floitiri^ an ana ^enrtrvta 
A • fwc^ on a yxndu^um 



Like Kepler, we must have faith that our observations 
represent some aspects of a reality that is more stable than 
the emotions, wishes and behavior of human beings. Like 
Plato and all scientists, we assume that nature is basically 
orderly, consistent and therefore understandable in a 
simple way. This faith has led scientists to devote them- 
selves to careful and sometimes tedious quantitative investi- 
gations of nature. As we all know, great theoretical and 
technical gains have resulted, Kepler's work illustrates 
one of the scientific attitudes — ^to regard a wide variety 
of phenomena as better understood when they can be described 
by simple, preferably mathematical patterns. 

After Kepler's initial joy over the discovery of the law 
of elliptical paths, he may have asked himself the question: 
why are the planetary orbits elliptical rather than some 
other geometrical shape? while we can understand Plato's de- 
sire for uniform circr'ar motions, nature's insistence on 
the ellipse is a surprise. 

In fact, there was no satisfactory answer to Kepler's 
question until Newton showed, almost eighty years later, that 
these elliptical orbits were required by a much more general 
law of nature. Let us accept Kepler's laws as rules that 
contain the observed facts about the motions of the planets. 
As empirical laws, they each sununarize the verifiable data 
from observations of the motion of any one planet. The first 
law, which describes the paths of planets as elliptical 
around the sun, gives us all the possible positions of each 
planet. That law, however, does not tell us when a planet 
will be at any one particular position on its ellipse or how 
rapidly it will then be moving. The second law, the Law of 
Areas, describes how the speed changes as the distance from 
the sun changes, but does not involve the shape of the orbit. 
Clearly these two laws complement each other. With these 
two general laws, numbers for the size and shape of the 
orbit, and the date for one position, we can determine both 
the position and angular speed of a given planet at any time 
relative to the sun. Since we can also find where the earth 
is at the same instant, we can derive the position of the 
planet as seen from the earth. 
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Q9 What can you do to a circle to have it 
appear as an ellipse? 

110 Why was Kepler's decision to study the 



motion of Mars fortunate? 

ttTI Summarize the steps Kepler used to de- 
termine the orbit of Mars. 



7.4 Using the first two laws . Fig. 7.10 represents the ellipti- 
cal path of a planet with the sun at one focus. By a short 
analysis we can determine the ratios of the speeds v and v 
of the planet when it is closest to the sun and farthest 
from the sun. As you note in Fig. 7.10, at these two points 
the velocity vectors are perpendicular to the radius, in 
Fig. 7.6, p. 53^ che time intervals during which the planet 
mover from one marked point to the next are equal. In imag- 
ination let us make that time interval very small, At. Then 
the orbital speed becomes the instantaneous linear speed v. 
Also, as Fig. 7.11 suggests, the distances from the sun 
at the beginning and end of that interval are almost 
equal, so we may use R for both distances. Since we know 
that the area of any triangle is h base ^ altitude we 
may write the area of any such long thin triangle between 
the sun and a small section of the orbit as: area = H RvAt. 
But by Kepler's Law of Areas, when the time intervals At 
are equal the areas swept over by the radius are also equal. 

Thus we can equate the area at aphelion, R , to the area at 

a 

perihelion, R^, and have 



Fig. 7.10 



Sun 



vAt 



7.11 



h R V^At = ?5 R V At. 



P P 



After cancelling out the common parts on both sides of the 
equation, we have 



R^v^ = R V . 
a a p p 



(7.2) 



We can rearrange this equation to obtain the more interesting 
form: 



(7.2a) 



Eq. (7.2a) shows that the speeds at perihelion and aphelion 
are inversely proportional to the radii at these two points. 
If we return to the example about the orbit of Mercury, 
p. 57, we can find how the speeds at perihelion and aphelion 
compare : 

v^/v^ = R /R 
a p p a 

Vg/Vp = 45.8 X 10^ km/70.0 x lo* km 



Fig. 

/. Settlements like Heplers law^ 

work and bna observations of 
mcuniA people. e?ver a riumber 
of aears. 

a. Xeplefs tPiird toi^/ ( law of 
penods),'^ squcmres ofiPte 
periods of ihe pbKiefe are^ 
proportCom.( io Hhe cubes df 

from Pie sm. 

3. Ifte motive -fbr scientific work 
is offeft otBSthgtio or reliqibus 
SG 7.3 ^ 



SG 7.5 

Kejolers laws , denVed frorrx 
^dUaL db$0rvt?Xidn6 /i.C't 
^rrrptncai evidence^ , plus 1he 
YxdKdn of area.^ permrtt^ 
hiojh\{j accural predic3xdn&. 



= 0.65. 

The speed of Mercury at aphelion is only about 2/3 that at 
perihelion. 



When Mercury Is at perihelion at 
0,31 A.U., its orbital speed is 
58 km/sec. What Is Its orbital 
speed at aphelion at 0.47 A.U.? 
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1lrieo)r(ec whic^i rrwie Kep(crs 



^PLANET 




Fig. 7.12 

A ma^or poi^ of'&ie^ se^on 

Here, it^e e{egaKtce ^ifict 
Stwplici^ cf Kepler^ laws 
are. Str^GSea . 

iiliAstroies one major 



Does Eq. (7.2a), derived for perihelion and aphelion posi- 
tions, apply to any point on the orbit, or was some assumption 
hidden in our analysis? We must be careful not to fool our- 
selves, whether in words or in mathematical symbols. We did 
make an assumption: that the displacement, vAt, taken as 
the altitude of the thin triangle, was perpendicular to the 
radial, sun-planet line. Therefore our results apply only 
to the two points in the orbit where the velocity vector is 
perpendicular to the radius. This condition occurs only at 
the perihelion and aphelion points. 

The equation which takes the place of Eq. (7.2a) and holds 
for any tv;o points along the orbit is R,(vj)j^ = ^2^^2^^' 
where the jl means that we consider only the component of the 
velocity which is perpendicular to the sun-planet line. Can 
you see how you could use this knowledge^ to derive the 
velocity at any point on the orbit? Remember that the 
velocity vector is always tangent to the orbit. Figure 7.12 
shows the relationships. 

When we know the size and eccentricity of the elliptical 
orbit and apply Kepler's two simple laws, we can predict for 
past or future dates where the planet will be along its 
orbit. The elegance and simplicity of Kepler's two laws are 
impressive. Surely Ptolemy and Copernicus would have been 
amazed that the solution to the problem cf planetary motions 
could be given by such short statements. But we must not 
forget that these laws were distilled from Copernicus' idea 
of a moving earth, the great labors and expense that went 
into Tycho's fine observations, and the imagination, devotion 
and often agony of Kepler's labors. 



7.5 Kepler's Law of Periods . Kepler's first and second laws 
were published in 1609 in his book Astronomia Nova , or New 
Astronomy . But Kepler was dissatisfied because he had not 
yet found any relation between the motions of the different 
planets. So far, each planet seemed to have its own ellip- 
^ tical orbit and speeds, but there appeared to be no overall 

Kepier vJorkcd -Cbr -few years pattern relating all planets. Kepler, who had begun his 
"id -pIKt^ It^B' if^triA kM. career by trying to explain the number of planets and their 

H0 Weiff Wcrkihp^ difher frob- spacing, was convinced that there must be some regularity, 
leiTtS AS well', but Ike hauy^rv^ rule, linking all the motions in the solar system. His 
^"^f^^^^*^ 51gj22«' W/^K conviction was so strong that he spent years examining many 
Y>M^^' crb\ts ca\ASedc Hm ijb possible combinations of factors to find, by trial and error, 
keep SMJfd^ma f<7K p^lb'lltffiSS . a third law that would relate all the planetary orbits. His 

long search, almost an obsession, illustrates a belief that 
has run through the whole history of science: that nature 
is simple, uniform and understandable. This belief has 
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all other planetary theories depended, whether those of 
Ptolemy, Copernicus or Tycho. With different assumptions 
and procedures Kepler had at last solved the astronomical 
problem on which so many great men had worked so hard for 
centuries ♦ Although he had to abandon the geometrical de- 
vices of the Copernican system, Kepler did depend on the 
Copernican model. None of the earth-centered models could 
have led to Kepler's three laws. 

In 1627, after many troubles with publishers, Kepler 
finally published the Rudolphine Tables based on Tycho's ob- 
servations. In these tables Kepler combined Tycho*s observa- 
tions and Kepler's laws Ir a way that permitted accurate 
calculations of planetary positions for any times, whether 
l<eplers LaU/S d^ows Urie^ in the past or future. These Rudolphine Tables remained use- 
cnrbifs cflXf^ planets as de\/i^opeii a century until telescopic observations of greater 

h ^ COmpiAter.Mf orecision replaced Tycho's observations. 

taws cart be ver^ied. 

These tables were also important for a quite different 
reason. In theip Kepler pioneered in the use of logarithms 
and included a long section, practically a text'oook, on the 
nature of logarithms and their use for calculations. Kepler 
had realized that logarithms, first described in 1614 by 
Napier in Scotland, would be very useful in speeding up the 
tedious arithmetic required for the derivation of planetary 
positions . 

A repactt an an el&^ronic compdttr „ ^ „ ^ u- ^ ■ ^ *.u i 

es , , T, We honor Kepler for his astronomical and mathematical 

Cf- Kepiers compwSmorts {Qinaerich, 

HarvaM College Ohs.) shTws iPuSt achievements, but these were only a few of the accomplish- 
kfepter Wi?tS WorU'tn^ ct Ike limit nents of this great man. As soon as Kepler learned of the 
of Hts ConipulatiortA^ ^//fij, often development of the telescope, he spent most of a year making 

'^'^^^S, some of vvhich careful studies of how the images were formed. These he pub- 
fofTuitoiAsl^ CMxceHed each cVaer. ^shedi in a book titled Dioptrice , which became the standard 

work on optics for many years. Like Tycho, who was much im- 
pressed by the new star of 1572, Kepler similarly observed 
and wrote about the new stars of 1600 and 1604. His obser- 
vations and interpretations added to the impact of Tycho* s 
similar observations in 1572 that changes did occur in the 
starry sky. In addition to a number of important books on 
mathemat^ical and astronomical problems , Kepler wrote a popular 
and widely read description of the Copernican system as modi- 
fied by his own discoveries. This added to the growing in- 
terest in and acceptance of the sun -centered model of the 
planetary system. 



ai2 State Kepler's third I: aw, the Law of 
Periods. Why is it useful? 
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The new c oncept of phy sical law. One general feature of 
Kepler's life-long work has had a profound effect on the 
development of all the physical sciences. When Kepler began 
his studies he still accepted Plato's assumptions about the 
importance of geometric models and Aristotle's emphasis on 
natural place to explain motion. But at the end he stated 
mathematical laws describing how planets moved, and even at- 
tempted to explain these motions in terms of physical forc- 
es. His successful statement of empirical laws in 
mathematical form helped to establish the equation as the 
normal form of laws in physical science. Thus he contributed 
to a new way of considering observations and stating con- 
clusions , 

More than anyone before him, Kepler expected an accept- 
able theory to agree with precise and quantitative observa- 
tion. In Kepler's system the planets no longer were 
considered to move in their orbits because they had some 
divine nature or influence, or because they had spherical 
shapes which served as self-evident explanation for their 
circular motions. Rather, Kepler tried to back up his 
mathematical descriptions with physical mechanisms. In fact, 
he was the first to look for a universal physical law based 
on terrestrial phenomena to describe the whole universe in 
quantitative detail. In an early letter he expressed his 
guiding thought: 



/. Saemsts care Ywnslu wddwa 
onli^ to describe pVieJnomew(\ 
genemtlMlRey seek some 
e#q^Icwrfuc»Vi as -(& wfi^ Si 

CCOATS. 

S. Advances rn r>ie saence 
fffen /hfWioe dkvelopm^ds 
in mcfSaer, e.^,, CiHhe^ik v/ctk 
Cn Km^toetcsirt thfluencec/( 
keplers a^vwiamicol ideas. 

3. A ynsckariistic vcew of 1fee 
Wodd popular o^xd 

war Wideii^ aocefted uffCK 



See "A Search for Life on Earth" 
in Project Physics Reader 2 . 



See Galileo's "The Starry Messen- 
ger" in Project Physics Reader 2 . 



I am much occupied with the investigation of the 
physical causes. My aim in this is to show that 
the celestial machine is to be likened not to a 
divine organism but rather to a clockwork. .. insofar 
as nearly all the manifold movements are carried out 
by means of a single, quite simple magnetic force, 
as in the case of a clockwork, all motions [are 
caused] by a simple weight. Moreover, I show how 
this physical conception is to be presented through 
calculation and geometry. [Letter to Herwart, 1605 ] 



Heyfc we eyicouy^er {hr ^e -f/r^ 
"ffme tfe idea of itie uni\/erse 
operoiUrx^ (ikc/ a cbckwwk , or a 



The world as a celestial machine driven by a single force, 
in the image of a clockwork— this was indeed a prophetic 
goal I Stimulated by William Gilbert's work on magnetism a 
few years earlier, Kepler could imagine magnetic foroas 
from the sun driving the planets in their orbits. This was 
a promising and reasonable hypothesis. As it turned out, 

the fundamental idea that a single kind of force controls ^o^C iVUK, ^aU.ec^ iOex, Of wre^ 
the motions of all the plane's was correct; but the force is hcui ^ot (Agt been pMs\necl 
not magnetism and it is not needed to keep the planets moving. 

Kepler's statements of empirical laws remind us of Gali- 
leo's suggestion, made at about the same time, that we deal 
first with the how and then with the why of motion in free 
fail. A half, century later Newton used gravitational force 



tkto 1piis mferertce^ ib QUbert lb 
devekop (He [dea. itocct sderiSx^ 
M^uence, each oUer VriroiAph 

Hate 1M: Qali[ed£ idea of wte^a. 
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to tie together Kepler's three planetary laws for a helio- 
centric system with the laws of terrestrial mechanics in a 
magnificent synthesis (Chapter 8). 



G13 To what did Kepler wish to compare the 
"celestial machine"? 



Q14 Why is Kepler's reference to a "clock- 
work" model significant? 



7.7 
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Galileo's viewpoint . One of the scientists with whom Kepler 
corresponded about the latest scientific developments was 
Galileo. Kepler's contributions to planetary theory were 
mainly his empirical laws based on the observations of 
Tycho. Galileo contributed to both theory and observation. 
As Chapters 2 and 3 reported, Galileo's theory was based on 
observations of bodies moving on the earth's surface. His 
development of the new science of mechanics contradicted 
the assumptions on which Aristotle's physics and interpreta- 
tion oi the heavens had been based. Through his books and 
speeches Galileo triggered wide discussion about the dif- 
ferences or similarities of earth and heaven. Outside of 
scientific circles, as far away as England, the poet John 
Milton wrote, some years after his visit to Galileo in 1638: 

. . .What if earth 

Be but the shadow of Heaven, and things therein 

Each to the other like, more than on earth is thought? 

[ Paradise Lost , Book V, line 574, 1667.] 

Galileo challenged the ancient interpretations of ex- 
perience. As you saw earlier, he focused attention on new 
conr.pts: time and distance, velocity and acceleration, 
forces and matter in contrast to the Aristotelian qualities 
or essences, ultimate causes, and geometrical models. In 
Galileo's study of falling bodies he insisted on fitting the 
concepts and conclusions to the observed facts. By express- 
ing his results in concise mathematical form, Galileo 
paralleled the new style being used by Kepler. 

The sharp break between Galileo and most other scientists 
of the time arose from the kind of question he asked. To 
his opponents, many of Galileo's problems seemed trivial. 
What was important about watching pendulums swing or rolling 
balls down inclines when philosophical problems noeded clari- 
fication? Certainly his procedures for studying the world 
seemed peculiar, even fantastic, and his statements were 
strange and his manner haughty. 

Although Kepler and Galileo lived at the same time, their 
lives were quite different. Kepler was struggling to find 
simplicity among complex astronomical phenomena. He was 
enchanted toy the mysteries of astrology; he lived a hand-to- 
mouth existence under stingy patrons, and was driven from 
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city to city by the religious wars of the time. Few people / 
other than a handful of friends and correspondents, knew of 
or cared about his studies and results. 

Galileo's situation was different. He wrote his numerous 
papers and books in Italian, which could be read by many 
people who did not read scholarly Latin. These publica- 
tions were the work of a superb partisan and publicist. 
Galileo wanted many to know of his studies and to accept tne 
Copernican tneory. He took the argument far oeyond a small 
group of scholars out to tne nobles, civic leaders, and re- 
ligious dignitaries. His reports and arguments, including 
often bitter ridicule of individuals or ideas, Decame the 
subject of dinner-table conversations. In his efforts to 
inform and persuade he stirred up the ridicule and even 
violence often poured upon those who have new ideas. In the 
world of art similar receptions were given initially to 
Manet and Giacometti, and in music to Beethoven, Stravinsky 
and Schonberg. 

7.8 The telescopic evidence . Like Kepler, Galileo was a Coper- 
nican among Ptolemaeans who believed that the heavens were 
eternal and could not change. Hence, Galileo was interested 
in the sudden appearance in 1604 of a new star, one of those 
observed by Kepler. Where there had been nothing visible in 
the sky, there was now a brilliant star. Galileo, like Tycho 
and Kepler, realized that such changes in the strrry sky 
conflicted with the old idea that the stars could not change. 
Furthermore, this new star awakened in Galileo an interest 
in astronomy which lasted throughout his life. 

Consequently, Galileo was ready to react to the news he 
received four or five years later that a Dutchman "had con- 
structed a spy glass by means of which visible objects, 
though very distant from the eye of the observer, were dis- 
tinctly seen as if nearby." Galileo quickly worked out the 
optical principles involved, and set to work to grind the 
lenses and build such an instrument himself* His first tele- 
scope made objects appear three times closer than when seen 
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Fig. 7.13 Two of Galileo's 
telescopes displayed in Florence. 

)^ur s^deffts should vteacA a 
few Qodiiecis papers in 



wwfi^Mi. ^«^«^«A I -^w-w wy wiw^-'^*^-.' ^^fXA^^^^^ %Wi 

with the naked eye. Then he constructed a second and a third Jfe'C^Ve/neT Oyid Opirttbn^ 
telescope. Reporting on his third telescope, Galileo wrote; Q(^l\lo^ Stilliman Vroke^ 

yy\\Y\exk itie heists of yruHAn- 



Finally, sparing neither labor nor expense, I succeeded 
in constructing for myself so excellent an instrument 
that objects seen by means of it appeared nearly one 
thousand times larger and over thirty times closer 
than when regarded with our natural vision" (Fig. 7.13). 



Galileo meant that the area of 
the object was nearly 1000 times 
larger. The linear magnifica- 
tion was over 30 times. 



^ cion was over JU times. 
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Fig. 7.14 Two of Galileo's 
early drawings of the moon. 
(From Galileo's Sidereus Nuncius . 
vhich is often translated as 
The Sidereal Messenger or as 
The Starry Messenger .) 
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What would you do if you were handed "so excellent an in- 
strument"? Like the men of Galileo's time, you probably 
would put it to practical uses. "It would be superfluous/' 
Galileo agreed, 

to enumerate the number and importance of the advantages 
of such an instrument at sea as well as on land. But 
forsaking terrestrial observations, I turned to celes- 
tial ones, and first I saw the moon from as near at 
hand as if it were scarcely two terrestrial radii away. 
After that I observed often with wondering delight both 
the planets and the fixed stars..*. 

What, then, were the findings that Galileo made with his 
telescope? In the period of a few short weeks in 1609 and 
1610 he made several discoveries, each of which is of first 
rank. 

First, Galileo pointed his telescope at the moon. What he 
saw led him to the conviction that 

...the surface of the moon is not smooth, uniform, and 
precis.ely spherical as a great number of philosophers 
believe it [and the other heavenly bodies] to be, but 
is uneven, rough, and full of cavities and prominences, 
being not unlike the face of the earth, relieved by 
chains of mountains, and deep valleys. [See Fig. 7.14.] 

Galileo did not stop with that simple observation, which 
was contrary to the Aristotelian idea of heavenly perfection. 
He supported his conclusions with several kinds of observa- 
tions, including quantitative evidence. For instance, he 
worked out a method for determining the height of a mountain 
on the moon from the shadow it casts* His value of about 
four miles for the height of some lunar mountains is not 
far from modern results. 

Next he looked at the stars* To the naked eye the Milky 
Way had seemed to be a continuous blotchy band of light; 
through the telescope it was seen to consist of thousands of 
faint stars. Wherever Galileo pointed his telescope in the 
sky he saw many more stars than could be seen wxth the un- 
aided eye. This observation was contrary to the old argu- 
ment that the stars were created to provide light so men 
could see at night. If that were the explanation, there 
should not be stars invisible to the naked eye — ^but Galileo 
found thousands. 

After his observations of the moon and the fixed stars, 
Galileo turned his attention to the discovery which in his 
opinion 

...deserves to be considered the most important of all 
— the disclosure of four PLANETS never seen from the 
creation of the world up to our own time; together with 
the occasion of my having discovered and studied them. 
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See Staderit WarxdkxxM for StUderit observations opii\e, moorts cfSup^. 
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their arrangements, and the observations made of their 
movements during the past two' months. 

He is here referring to his discovery of four (of the twelve 
now known) satellites which orbit about Jupiter (Fig. 7.15). 
Here, before his eyes, was a miniature solar system with its 
own center of revolution around Jupiter. This was directly 
opposed to the Aristotelian notion that the earth was at the 
center of the universe and could be the only center of 
revolution. 

The manner in which Galileo discovered Jupiter's "planets" 
is a tribute to his ability as an observer. Each clear 
evening during this period he was discovering dozens if not 
hundreds of new stars never before seen by man. When looking 
in the vicinity of Jupiter on the evening of January 7, 1610, 
he noticed "...that beside the planet there were three star- 
lets, small indeed, but very bright. Though I believe them 
to be among the host of fixed stars, they aroused my curiosi- 
ty somewhat by appearing to lie in an exact straight line..." 
In his notebook he made a sketch similar to that shown in 
the top line Fig. 7.16. When he saw them again the following 
night, he saw that they had changed position with reference 
to Jupiter. Each clear evening for weeks he observed that 
planet and its roving "starlets" and recorded their positions 
in drawings. Within days he had concluded that there were 
four "starlets" and that they were indeed satellites of 
Jupiter. He continued his observations until he was able 
to estimate the periods of their revolutions around Jupiter. 

Of all of Galileo's discoveries, that of the satellites 
of Jupiter caused the most stir. His book. The Starry 
Messenger , was an immediate success, and copies were sold 
as fast as they could be printed. For Galileo the result 
was a great demand for telescopes and great public fame. 

Galileo continued to use his telescope with remarkable 
results. By projecting an image of the sun on a screen, he 
observed sunspots. This was additional evidence that the 
sun, like the moon, was not perfect in the Aristotelian 
sense: it was disfigured rather then even and smooth. From 
his observation that the sunspots moved across the disk of 
the sun in a regular pattern, he concluc^ccl that the sun 
rotated with a period of about 27 days. 




Fig. 7.15 Jupiter and Its 
four brightest satellites. The 
lower photograph was taken 3 
hours later than the upper one. 
(Photographed at Yerkes Observa- 
tory.) 
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Fig. 7.16 Galileo observed and 
recorded the relative position 
of Jupiter *s brightest satel- 
lites 64 times between January 7 
and March 2, 1610. The sketches 
shown here are similar to Gali- 
leo's first ten recorded observa- 
tions which he published in the 
first edition of hfs book SI- 
dereus Nunclus . The Starry Mes- 
senger . 
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If there are four bright satel- 
lites moving about Jupiter, why 
could Galileo sometimes see only 
two or three? What conclusions 
can you draw from the observa- 
tion (sec Pigs. 7.15 and 7.16) 
that they lie nearly along a 
straight line? 



He also found that Venus showed all phases, just as the 
moon does (Fig. 7.17). Therefore Venus must move completely 

around the sun as Copernicus and Tycho had believed, rather Qtude^ \ipondhook fXUderit 

than be always between the earth and sun as the Ptolemaic ^b^WVoGcins Cpt^e phosas of Venus. 
astronomers assumed (see again Fig. 5.15). Saturn seemed 
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Fig- 7.17 Photographs of Venus 
at various phases taken with a 
constant magnification. 



to carry bulges around its equator (Fig. 7.18), but Galileo^s 
telescopes were not strong enough to show that they were 
rings. With his telescopes he collected an impressive array 
of new information about the heavens — and all of it seemed 
to contradict the basic assumptions of the Ptolemaic world 
scheme . 



Q15 Could Galileo's observation of all phases 
of Venus support the heliocentric theory, 
the Tychonic system or Ptolemy's system? 

Q1S In what ways did the invention of the 



telescope provide new evidence for the 
heliocentric theory? 

Q17what significance did observations of 
Jupiter have in the development of 
Gali leo * s ideas? 
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A small eighteenth- century re- 
flecting telescope, now in the 
Harvard University collection. 
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.9 Galileo's arguments. To Galileo these observations supported 
his belief in the heliocentric Copernican system, but they 
were not the cause of them. In his great work, the Dialogue 
Concerning the Two C hief World Systems (1632), he stressed 
arguments based on assumptions as much as on observations. 
The observed motions of planets alone, says Galileo, do not 
decide uniquely between a heliocentric and a geocentric 
hypothesis, "for the same phenomena would result from either 
hypothesis." But Galileo accepted the earth's motion as 
real because it seemed to him simpler and more pleasing. 
Elsewhere in this course you will find other cases where a 
scientist accepted or rejected an idea for reasons arising 
from his strong belief in particular assumptions. 

In the Dialogue Galileo presents his arguments in a 
systematic and lively way. The Dialogue , like the Discourses 
Concerning Two New Sciences, which are mentioned in Chapter 2, 
is in the form of a discussion between three learned men. 
Salviati, the voice of Galileo, wins most of the arguments. 
His antagonist is Simplicius, an Aristotelian who speaks for 
and defends the Ptolemaic system. The third member, Sagj-do,. 
represents the objective and intelligent citizen not yet com- 
mitted to either system. However, Sagredo's role is written 
so that he usually accepts most of Galileo's arguments. 

Galileo's arguments in favor of the Copernican system as 
set forth in the Dialogue Concerning the Two Chief World 
systems were mostly those given by Copernicus (see Chapter 
6), and Galileo made no use of Kepler's laws. However, 

l^c sofe^lftes Tujoiter showed that a sudem like 
me Cope^v^icayx scheryie coiAd and did &<tst 
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Yet 'tie arx^uynetrit -fbr and against 1tie Q^perrw'cayx system wens, still obcnA 
balanced * Venu^ shzpwed phasejs^ but stJalLar jparoHcxx was ndc dc^rved. 

Galileo had new evidence from his own observations. After 
deriving the periods of Jupiter's four moons or satellites, 
Galileo found that the larger the orbit of the satellite, 
the longer was the period of revolution. Copernicus had al- 
ready found that the periods of the planets increased with 
their average distances from the sun. (Kepler's Third Law 
stated the relation for the planets in detailed quantitative 
form.) Now Jupiter's satellite system showed a similar pat- 
tern. These new patterns of regularities would soon replace 
the old assumptions of Plato, Aristotle and Ptolemy. 

The Dialogue Concerning the Two Chief World Systems relies 
upon Copernican arguments, Galilean observations and rea- 
sonableness to attack the basic assumptions of the geocentric 
model. Finally, Siraplicius, seemingly in desperation, dis- 
misses all of Galileo's arguments with a characteristic "/Fis YYicomx was used 
counterargument : 




...with respect to the power of the Mover, wnich is 
infinite, it is just as easy to move the universe as 
the earth, or for that matter a straw. 

But to this, Galileo makes a very interesting reply; notice 
how he quotes Aristotle against the Aristoteleans : 

— what I ha^^e been saying was with regard not to the 

Mover, but only the movables Giving our attention, 

then, to the movable bodies, and not questioning that 
it is a shorter and readier operation to move the 
earth than the universe, and paving attention to the 
many other simplifications and conveniences that fol- 
low from merely this one, it is much more probable 
that the diurnal motion belongs to the earth alone 
than to the rest of the unxverse excepting the earth. 
This is supported by a ve. / true maxim of Aristotle's 
which teaches that — "it is pointless to use many to 
accomplish what may be done with fewer." 
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7.10 The opposition to Galileo . In his characteristic enthusiasm, 
Gali"«3o thought that his telescopic discoveries would cause 
everyone to realize the absurdity of the assumptions that 
prevented a general acceptance of the Copernican system. 
But men can believe only what they are ready to believe. In 
their fight against the new Copernicans , the followers of 
Aristotle were convinced that they were surely sticking to 
facts and that the heliocentric theory was obviously false 
and in contradiction with both observation and common sense. 
The evidences of the telescope could be due to distortions. 
After all, glass lenses change the path of light rays; and 
even if telescopes seemed to work for terrestrial observa- 
tion, nobody could be sure they worked equally well when 
pointed at these vastly more distant celestial objects. 
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Fig. 7.18 Sketches of Saturn 
made from telescopic observations 
during the seventeenth century. 
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Consider each of Galileo's tele- 
scopic observations separately 
to determine whether it streng- 
thened or weakened the case for 

(a) the geocentric theory, and 

(b) the philosophical assump- 
tions underlying the geocentric 
theory. Give particular atten- 
tion to the observed phases of 
Venus. Could these observations 
of Venus be explained by the 
Tychonic system? Could the 
Ptolemaic system be modified to 
have Venus show all phases? 



Furthermore, theological heresies were implied in the 
heliocentric view. Following Thomas Aquinas, the Scholastics 
had adopted the Aristotelian argument as the only correct 
basis for building any physical theory. The Aristotelians 
could not even consider the Copernican system as a possible 
theory without giving up many of their basic assumptions, as 
you read in Chapter 6. To do so would have required them to 
do what is humanly almost impossible: discard their common- 
sense ideas and seek new bases for their moral and theological 
doctrines. They would have to admit that the earth is not 
at the center of creation. Then perhaps the universe was 
not created especially for mankind. Is it any wonder that 
Galileo's arguments stirred up a storm of opposition? 

Galileo's observations were belittled by the Scholastics. 
QaWleo openiiA earned his -pigHt The Florentine astronomer, Francesco Sizzi (1611), argued 
ib refre^eti^^ of ^ e^toh- why there could not, indeed must not be any satellites 
\xsM ip^iiXorx^ He frov^A<ed ^^^^^^ ^ ^^er: 
ar^UYmrns and ridiCiAed iFie 

Ojppoeitxdn, As in a Cireek Iraaedu^ There are seven windows in the head, two nostrils, 
\i\S cXocAx Uvitti 1fie ISlOUlsifeia was ears, two eyes and a mouth; so in the heavens 

i^M>if7%W^ Uie? £^^;•*«r.nA ^ ^ - ^ there are two favorable stars, two unpropitious , two 
/Kievitobte. His SC^TiAc f}^e<7r,eS luminaries, and Mercury alone undecided Ind indiffer- 
anxk Wie^ accepJed rekyO^OikS aoc^- ent. From which and many other similar phenomena of 
KWOS Viere [nCOmfctUde . Ifte- nature such as the seven metals, etc., which it were 

&tar\^i0srci -Por Itae new "ttlink&W tedious to enumerate, we gather that the number of 
lir%A ^ atUi^^^^A ( -Tt^^ planets is necessarily seven [including the sun and 

w €^ f?\\eMKCeCK. V moon] Besides, the Jews and other ancient nations, 

ECUKn^tCCTl ^OiAMVM calvcrt low as well as modern Europeans, have adopted the divi- 
"fbpe^^Sohiri XXtt( flhailu aheoww sion of the week into seven rlays, and have named them 
CiOkilco i^i /966). from the seven planets; now if we increase the number 

of planets, this whole system falls to the ground.... 
Moreover, the satellites are invisible to the naked 
eye and therefore can have no influence on the earth, 
and therefore would be useless, and therefore do not 
exist. 

A year after his discoveries, Galileo wrote to Kepler: 

You are the first and almost the only person who, 
even after a but cursory investigation, has... given 
entire credit to my statements ... .What do you say of 
the leading philosophers here to whom I have offered 
a thousand times of my own accord to show my studies, 
but who with the lazy obstinacy of a serpent who has 
eaten his fill have never consented to look at the 
planets, or moon, or telescope? 



7.11 
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Science and freedom . The political and personal tragedy 
that occurred to Galileo is described at length in many 
books. Here we shall only mention briefly some of the major 
events. Galileo was warned in 1616 by the Inquisition to 
cease teaching the Copernican theory as true, rather than 
as just one of several possible explanations, for it was 
now held contrary to Holy Scripture. At the same time 
Copernicus* book was placed on the Index Kxpurgatorius , and 
was suspended "until corrected." As we saw before, Co- 
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at Ihe- socioL afvnosfhere^ w/lftm which creafC\/e v^rk is dotxe. ayxd received. 
pernicus had used Aristotelian doctrine to make his theory 
plausible. But Galileo had reached tne new point of view 
where he urged acceptance of the heliocentric system on, its 
own merits. While he was himself a devoutly religious man, 
he deliberately ruled out questions of religious faith ana 
salvation from scientific discussions. This was a funda- 
mental break with the past. 

When, in 162 3, Cardinal Barberini , formerly a dear friend 
of Galileo, was elected to be Pope Urban VIII, Galileo 
talked with him regarding the decree against the Copernican 
ideas. As a result of the discussion, Galileo considered 
it safe enough to write again on the controversial topic. 
In 1632, after making some required changes, Galileo obtained 
the necessary Papal consent to publish the work. Dialogue 
Concerning the Two Chief World Systems . This book presented 
most persuasively the Copernican view in a thinly disguised 
discussion of the relative merits of the Ptolemaic and Co- 
pernican systems. After the book's publication his opponents 
argued that Galileo seemed to have tried to get around the 
warning of 1616. Furthermore, Galileo's forthright and some- 
times tactless behavior, and the Inquisition's need to 
demonstrate its power over suspected heretics, combined to 
mark him for punishment. 

Among the many factors in this complex story, we must 
remember that Galileo, while considering himself religiously 
faithful, had become a suspect of the Inquisition. In 
Galileo's letters of 1613 and 1615 he wrote that to him God's 
mind contains all the natural laws; consequently he held 
that the occasional glimpses of these laws which the human 
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Over 200 years after his confine- 
ment in Rome, opinions had changed 
so that Galileo was honored as in 
the fresco ''Galileo presenting his 
telescope to the Venetian Senate" 
by Luigi Sabatelli (1772-1850). 
The fresco is located in the Tri- 
bune of Galileo, Florence, which 
was assembled from 1841 to 1850. 



EveiriA subject JJtt l^eoru ar\di 
investigator may gain were proofs and direct revelations of cremv'e octid^ ha^ O^ples 

the Deity, quite as valid and grand as those recorded in the of re\e<M6yx andi Yepr&SS'ton. 

Bible. "From the Divine Word, the Sacred Scripture and 1^0ri'> Pa^&ma)< of 

Nature did both alike proceed Nor does Goa less admirably U-£.SJ^. WOS ordered to 

discover himself to us in- Nature's actions than in the Scrip- J^^^^ 

ture's sacred dictions.'* These opinions — ^held by many 

present-day scientists, and no longer regarded as being in 

conflict with theological doctrines — could, however, be 

regarded at Galileo's time as symptoms of pantheism. This 

was one of the heresies for which Galileo's contemporary, 

Giordano Bruno, had been burned at the stake in 1600. The 

Inquisition was alarmed by Galileo's contention that the 

Bible was not a certain source of knowledge for the teaching 

of natural science. Thus he quoted Cardinal Baronius' 

saying: "The Holy Spirit intended to teach us [in the Bible] 

how to go to heaven, not how the heavens go." 
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fyr a diScusGibn cC whtPc?r haw confined for a few months. From the proceedings of 
he alr\oM ha\/e aO&d (MrinaoM ^^^il^o's trial, of which parts are still secret, we learn 
offer ht5lr(a(, that he was tried, threatened with torture, induced to make 

an elaborate formal confession of improper behavior and a 
A' Ctaiileo denial of the Copernican theory. Finally he was sentenced 

to perpetual house arrest. According to a well-known legend, 
at the end of his confession Galileo muttered " eppur si 
muove" — "but it does move." None of Galileo's friends in 
Italy dared to defend him publicly. His book was placed 
on the Index where it remained, along with that of Copernicus 
and one of Kepler's, until 1835. Thus he was used as a 
warning to all men that the demand for spiritual conformity 
also required intellectual conformity. 

But without intellectual freedom, science cannot flourish 
for long. Perhaps it is not a coincidence that for 200 
years after Galileo, Italy, which had been the mother of 
outstanding men, produced hardly a single great scientist, 
while elsewhere in Europe they appeared in great numbers. 
Today scientists are acutely aware of this famous part of 
the story of planetary theories. Teachers and scientists 
in our time have had to face powerful enemies of open-minded 
inquiry and of free teaching. Today, as in Galileo's time, 
men who create or publicize new thoughts must 'be ready to 
stand up before other men who fear the open discussion of 
new ideas. 

Plato knew that an authoritarian state is threatened by 
intellectual nonconformists and had recommended for them 
mf?rertce fe P/afo^ YecorrX" the well-known treatments: "reeducation, prison, or death." 

Russian geneticists have been required to reject 
^vi^ii^u9{^ if\ (X scaeHA which -a ^ j ^ 

frofes$es Id Tdercte ^ iP yydC well-established theories, not on grounds of persuasive new 

CO\nn& ^ d{(lfereklC^ op]yixon? scientific evidence, but because of conflicts with political 

Keceml^ ^ civ'i r\^rts ar^i Awfi- doctrines. Similarly, discussion of the theory of relatively 
war denran^tfviidis cxre exayrtples'. was banned from textbooks in Nazi Germany because Einstein's 

O^OYXS we have as irXSuot example of intolerance was the "Monkey Trial" held 

OS resp<pr\sth]^ OroiAps. during 1925 in Tennessee, where the teaching of Darwin's 

theory of biological evolution was attacked because it con- 
flicted with certain types of Biblical interpretation. 

The warfare of authoritarianism against science, like 
the warfare of ignorance against knowledge, is still with 
us. Scientists take comfort from the verdict of history. 
Less than 50 years after Galileo's trial, Newton's great 
book, the Principia / brilliantly united the work of Co- 
pernicus, Kepler and Galileo with Newton's new statements 
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of principles of mechanics. Thus the hard-won new lav/s and 
new viev/s of science were established. What followed has 
been termed by historians The Age of Enlightenment. 
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Q18 What major change in the interpretations 
of observations was illustrated by the 
work of both Kepler and Galileo? 



Q19 What are some of the reasons that caused 
Galileo to be tried by the Inquisition? 




Falomar Observatory houses the 
200-Inch Hale reflecting tele- 
scope. It Is Vcated on Palomar 
Mountain in southern California. 
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Study Guide 

If a comet in an orbit around the sun 
has a mean distance of 20 A.U. from the 
sun, what will be its period? i^ys 

A comet is found to havfS a period of 
75 years. 

a) What will be its mean distance 

from the sun? 16 A-li. 

b) If its orbital eccentricity is 

0.90, what will be its least 
distance from the sun? A-U- 

c) What will be its velocity at ap- 

helion compared to its velocity 
at perihelion? 0*063 

What is the change between the earth *s 



lowest speed in July when it is 1.02 
A.U. from the sun and its greatest speed 
in January when it is 0.98 A.U. from the 
sun? - -^Av^ (ohoat^%) 

7.4 The mean distance of the planet Pluto 
from the sun is 39.6 U. What is the 
orbital period of Pluto? floors 

7.5 The eccentricity of Pluto •s orbit is 
0.254. What will be the ratio of the 
minimum orbital speed to the maximum 
orbital speed of Pluto? v'rM^ij^ - ^?C? V^^^^ 

7.6 What are the current procedures by 
which the public is informed of new 
scientific theories? To what extent 

do these news media emphasize any clash 
of assumptions? X>iscussic\rx 



Chapter 8 The Unity of Earth and Sky — The Work of Newton 
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uu go once compieteJ.y around the orbit? while the mean 
distance is a. Specifically, the law states that: the 
squares of the pe riods of the planets are proportional to 
the cubes of their mean distances from the sun , in the 
short form of algebra, this is, 

t2 = ka3, or TVa^ = k. (7.3) 

For the earth, T is one year. The mean distance of the 
earth from the sun, a, is one astronomical unit, A.U. Then 
by Eq. (7.3) we have 

(1 year)2 = k(l A.U.)3, or k = 1 yrVA.U.^. 

Because this relation applies to all the planets, we can 
use it to find the period or mean distance of any planet 
when we know either of the quantities. Thus Kepler's third 
law, the Law of Periods, establishes a beautifully simple 
relation among the planetary orbits. 

Kepler's three laws are so simple that their great power 
may be overlooked, when they are combined with his discovery 
that each planet moves in a plane passing through the sun, 
they let us derive the past and future history of each 
planet's motion from only six quantities, known as the 
orbital elements. Two of the elements are the size and shape 
of the orbit in its plane, three other elements are angles 
that orient the planet's orbit in its plane and relate the 
plane of the planet to that of the earth's orbit, while the 
sixth element tells where in the orbit the planet was on a 
certain date. These elements are explained more fully in 
optional Experiment 21 on the orbit of Halley's Comet. 

It is astonishing that the past and future positions of 
each planet can be derived in a simpler and more precise way 
than through the multitude of geometrical devices on which 
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^~Jftis choice mts oyves 

We know from observation that 
the orbital period T of Jupiter 
is about 12 years. What value 
for a, the mean distance from 
the sun, is predicted on the 
basis of Kepler's third law? 

Solution: 

a. 3 = T.2/k 
J J 

= 144 (yr2)/l ryr2/A." 3) 
= 144 A.U. 3 
a^ = 3/144 A.U.^ 
= 5.2 A.U. 
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Introduc tion; Scie n ce in the seventeenth ceitury . In the 
44 years between the death of Galileo in 164? and the publi- 
cation of Newton's Principi a in 1687, major changes occurred 
in the social organization of scientific studies. The "New 
Philosophy" of experimental science, applied by enthusiastic 
and imaginative man, was giving a wealth of new results. Be- 
cause these men were beginning to work together, tney formea 
scientific societies in Italy, England and France. One of 
the most famous is the Royal Society of London for Promoting 
Natural Knowledge, which was founded in 1660. Through these 
societies the scientific experimenters exchanged information, 
debated new ideas, published technical papers, and sometimes 
quarreled heartily. Each society sought support for its 
work, argued ;*gainst the opponenU.'s of the new experimental 
activities and published studies in scientific journals, 
which were widely read. Through the societies scientific 
activities were becoming well-defined, strong and inter- 
national. 

This development of scientific activities was part of the 
general cultural, political and economic changes occurring 
in the sixteenth and seventeenth centuries (see the chart) . 
Both craftsmen and men of leisure and wealth became involved 
in scientific studies. Some sought the improvement of tech- 
nological methods and products. Others found the study of 
nature through exppriment a new and* exciting hobby. But the 
availability of money and time, the grr wxng interest in sci- 
ence and the creation of organizations are not enough to 
explain the growing success of sole itific studies. Histori- 
ans agree that this rapid growth of sciert;c> depended upon 
able men, well-formu^ . te I problems and good mathematical 
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Newton entered Trinity College, 
Cambridge University, in 1661 at 
the age of eighteen. He soon 



was doing experiinents and teach- 
ing while still a student. This 
early engraving shows the quiet 
student wearing a wig and heavy 
academic robes. Trinity students 
even today wear the same type of 
robes to their classes. The 



drawing of the telescope and its 
parts was done by Newton, while 
he was still a student. 



each field stimulated developments in the other. Similarly, 
the instrument-maker and the scientist aided each other. 

Another factor of great importance was the rapid accu- 
mulation of scientific knowledge. Each study could bui?.d 
on those done previously. Thus from the time of Galileo 
repeatable experiments woven into testable theories were 
available for study, modification and application. 

Nev/ton, who lived in this new scientific age, is the 
central person in this chapter. However, before we follow 
Newton's work, we must recall that in science as in any 
other field, mai.y men made useful contributions. The whole 
structure of science depends not only upon those whom we 
call geniuses, but also upon many lesser-known men. As Lord 
Rutherford, one of the founders of modern atomic theory, said: 

It is not in the nature of things for any one man to 
make a sudden violent discovery; science goes step by 
step, and every man depends upon the work of his pre- 
decessors Scientists are not dependent on the 

ideas of a single man, but on the combined wisdom of 
thousands of men. 

Properly we should trace in each man's contribution his de- 
pendence upon those who worked before him, the influence of 
his contemporaries and his influence upon his successors. 
While this would be interesting and rewarding, here we can 
only briefly hint at these relationships. 

Fig. 8.1 Chronological table of Newton's era 77 
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See "Newton and the Principia*' 
in Project Physics Reader 2 , 



In Unit 1 a new ton was defined 
as the force needed to give an 
acceleration of 1 meter per sec^ 
to a 1-kilogram mass. In new*- 
tons, what approximately is the 
earth^s gravitational attraction 
on an apple? 



nfie w^j/^ht of an a^>jf^ is 



8.1 A sketch of Newton's lif e. Isaac Newton was born on Christ- 
mas day, 1642, in the small English village of Woolsthorpe 
in Lincolnshire. He was a quiet farm boy, who, like young 
Galileo, loved to build and tinker with mechanical gadgets 
and seemed to have a liking for mathematics. With financial 
help from an uncle he went to Trinity College of Cambridge 
University in 1661. There he initially enrolled in the 
study of mathematics as applied to astrology and he was an 
eager and excellent student, in 1665, to escape the Black 
Plague (bubonic plague) which swept through England, Newton 
went home to the quiet farm in Woolsthorpe, There, by the 
time he was twenty-four, he had quietly made spectacular 
discoveries in mathematics (binomial theorem, differential 
calculus), optics (theory of colors) and mechanics. Refer- 
ring to this period, Newton once wrote: 

I began to think of gravity extending to the orb of 
the moon, and, • .from Kepler's rule [third law].,. I de- 
duced that the forces which keep the Planets in their 
orbs must be reciprocally as the squares of their dis- 
tances from the centers about which they revolve: and 
thereby compared the force requisite to keep the moon 
in her orb with the force of gravity at the surface of 
the earth, and found them to answer pretty nearly. All 
this was in the two plague years of 1665 and 1666, for 
in those days I was in the prime of my age for inven- 
tion, and minded matheiratics and philosophy more than 
at any time since. 

Thus during his isolation the brilliant young Newton had 
developed a clear idea of the first two Laws of Motion and 
of the formula for gravitational attraction. However, he 
did not announce the latter until many years after Huygens • 
equivalent statement. 

This must have been the time of the famous and disputed 
fall of the apple. One of the better authorities for this 
story is a biography of Newton written in 17 52 by his friend 
William Stukeley, where we can read that on one occasion 
Stukeley was having tea with Newton in a garden under some 
apple trees, when Newton recalled that 

he was just in the same situation, as when formerly, 
the notion of gravitation came into his mind. It was 
occasioned by the fall of an apple, as he sat in a 
contemplative mood. Why should that apple always de- 
scend perpendicularly to the ground, thought he to 
himcelf. Why should it not go sideways or upwards, 
but constantly to the earth's centre? 

The main emphasis in this story should probably be placed on 
the word contemplative. Moreover, it fits again the pattern 
we have seen before: a great puzzle (here, that of the 
forces acting on planets) begins to be solved when a clear- 
thinking person contemplates a long* known phenomenon. Where 
others had seen no relationship, Newton did. Similarly 
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Newton made the first reflecting 
telescope. 
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Galileo used the descent of rolling bodies to show the use- 
fulness of mathematics in science. Likewise, Kepler used a 
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Soon after Newton •s return to Cambridge, he was chosen to Uewtons aversion fo puyiiccxhon 
follow his teacher as professor of mathematics. He taught i^utect fn?m ViiS mhappWxe^S 
at the university and contributed papers to the Royal Society, ^^"^ ^ C^mi0^^ Joi[c^^\^^ 
at first particularly on optics. His Theor,,^f^^ C^S^ "J!^" ^ ^ 

Colors, when finally published in 1672, involved him in so 
long and bitter a controversy with rivals that the shy and ' 
introspective man resolved never to publish anything more 
(but he did) . 

In 1684 Newton's devoted friend Halley came to ask his 
advice in c dispute with Wren and Hooke about the force 
that would have to act on a body moving along an ellipse in 
accord with Kepler's laws. Halley war, pleasantly surprised 
to learn that Newton had already derived the rigorous 
solution to this problem ("and much other matter"). Halley 
then persuaded his reluctant friend to publish his studies, 
which solved one of the most debated and interesting scien- 
tific questions of the time. To encourage Newton, Halley 
became responsible for all the costs of publication, in 
less than two years of incredible labors, Newton had the 
Principia (Fig. 8.2) ready for the printer. Publication of 
the Principia in 1687 quickly established Newton as one of 
the greatest thinkers in history. 

A few years afterwards, Newton had a nervous breakdown. 
He recovered, but from then until his death 35 years later, 
in 1727, he made no major new scientific discoveries. He 
rounded out earlier studies on heat and optics, and turned 
more and more to writing on theological chronology. During 
those years he received honors in abundance. In 1699 he 
was appointed Master of the Mint, partly because of his 
great interest in and knowledge about the chemistry of 
metals, and he helped to re-establish the British currency, 
which had toecome debased, in 1689 and 1701 he represented 
his university in Parliament, and he was knighted in 1705 
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Fig. 8.2 Title page of Principia 
MathfMnatica. Because the Royal 
Society sponsored the book, the 
title page includes the name of 
the Society's president, Samuel 
Pepys, whose diary is famous. 
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Q1 Why might we conclude that Newton's iso- 
lation on the farm during the Plague 
Years (1665--66) contributed to his sci- 
entific achievements? 

Q2 What was the important role played by 



the scientific societies? Do such soci- 
eties today perform the same functions? 

Q3 What was important about Newton's mood 
when he noticed the apple fall? 
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8.2 Newton's Principia . In the original preface to Newton's 
Principia — one of the most important books in the history 
of science — we find a clear outline of the book; 



See Newton's Laws of Motion and 
Proposition One in Project Phys- 
ics Reader 2. 



These Rules <re stated by Newton 
at the beginning of Book III of 
the Principia . p. 398 of the 
Cajori edition, University of 
California Press. 
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Since the ancients (as we are told by Pappus) es- 
teemed the science of mechanics of greatest importance 
in the investigation of natural things, and the mod- 
erns, rejecting substantial forms and occult qualities, 
have endeavored to subject the phenomena of nature to 
the laws of mathematics, I have in this treatise cul- 
tivated mathematics as far as it relates to philosophy 
(we would say 'physical science ']... for the whole 
burden of philosophy seems to consist in this — from 
the phenomena of motions to investigate [induce] the 
forces of nature, and then from these forces to demon- 
strate (deduce] the other phenomena, and to this end 
the general propositiors in the first and second Books 
are directed. In the third Book I give an example of 
this in the explication of the system of the World; 
for by the propositions mathematically demonstrated 
in the former Books, in the third I derive from the 
celestial phenomena the forces of gravity with which 
bodies tend to the sun and the several planets. Then 
from these forces, by other propositions which are 
also mathematical, I deduce the motions of the planets, 
the comets, the moon, and the sea [tides].... 



The work begins with a set of definitions — mass, momentum, 
inertia, force. Next come the three Laws of Motion and the 
principles of composition of vectors (forces and velocities) , 
which were discussed in Unit 1. Newton then included an 
equally remarkable and important passage on "Rules of Rea- 
soning in Philosophy." The four rules or assumptions, re- 
flecting his profound faith in the uniformity of all nature, 
were intended to guide scientists in making hypotheses. 
These are still useful. The first has been called a Prin- 
ciple of Parsimony; the second and third. Principles of 
Unity. The fourth is a faith without which we could no'c use 
the process of logic. 

In a short form, with some modern words, these rules are: 

I. Nature is essentially simfle; therefore we should not 
introduce more hypotheses than are sufficient and necessary 
for the explanation of observed facts. "Nature does nothing 
...in vain, and more is in vain when less will serve." This 
fundamental faith of all scientists is almost a paraphrase 
of Galileo's "Nature. . .does not that by many things, v/hich 
may be done by few" — and he, in f irn, quoted the same opinion 
froia Aristotle. Thus the rule has a long history. 

II. "Therefore to the same natural effects we must, as 
far as possible, assign the same causes. As to respiration 
in a man and in a beast; the descent of stones in Europe and 
in America; ...the reflection of light in the earth, and 
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in the planets." 

A discusGipyx could be de/eloped t'tyviArki iiese (HeuyJtbns) 
four "Rules of "Reasc^ixYi^ in "PHlojopht^. 



III. Properties common to all those bodies within reach 
of our experiments are to be assumed (even if only tenta- 
tively) to apply to all bodies in general. Since all physi- 
cal objects known to experimenters had always been founa to 
have mass, this rule would guide Newton to propose that 
every object has -nass. 

IV. In "experimental philosophy," those hypotheses or 
generalizations which are based on experience are to be 
accepted as "accurately or very nearly true, notwithstanding 
any contrary hypotheses that may be imagined" until we have 
additional evidence by which our hypotheses may be made 
more accurate, or revised. 

The Principia was an extraordinary document, its three 
main sections contained a wealth of mathematical and physi- 
cal discoveries. But overshadowing everything else in the 
book is the theory of universal gravitation, with Newton's 
proofs and arguments leading to it, Newton uses a form of 
argument patcerned after that of Euclid — the type of proofs 
you encountered in your geometry studies. Because the 
detailed mathematical steps used in the Principia are no 
longer familiar, the steps which are given below have often 
been restated in modern terms. 

The central idea of universal gravitation can be very 
simply stated: every object in the universe attracts every 
other object. Moreover, the magnitude of these attractions 
depends in a simple way on the distance between the objects. 
Such a sweeping assertion certainly defies full and detailed 
verification — for after all, we cannot undertake to measure 
the forces experienced by all the objects in the universe 1 



asQumptXoYis and sfc^temerlfe 



Yon mi'^Ht wish "fc have stuofenfe 
eocarrune. a cc^ia of 1he two^ 
volurrys paperhackeci edition 
of itae. "rnhci^ia . TPiis u/os 
preparecM b<j T. Cay?ri and 

cased \Apon 1tie -first 
Blrtqlish ifanoioAl^n -from 1he 
Ldrtirt t<(ftte in /7ff9, 
(Ui^Wersm e?f California Ifess, 

^ 63 J inn). 

how dUpf^enUi^ modern 
scientific amwwewts ore 
ypresented .^eiA also 
realixe u/hw-fKe i¥ihcipick 
Ywjer re4xaned Oi popular 
audience.. 



a4 Write a brief simple restatement of each 
of Newton's Rules of Reasoning. 



Q5 Why is the Principia difficult for us 
to read? 



8^3 A preview of Newton's analysis . We shall now preview New- 
ton's development of his theory of universal gravitation. 
Also we shall see how he v/a able to use the theory to unify 
the main strands of physical science which had been develop- 
ing independently. As we proceed, notice the extent to 
which Newton relied on the laws found by Kepler; be alert 
to the appearance of new hypotheses and assumptions; and 
watch for the interaction of experimental observations and 
theoretical deductions. In short, in this notable and yet 
typical case, aim for an understanding of the process of 
the construction and verification of a theory; do not be 
satisfied with a mere memorization of the individual steps. 
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What were the known laws about motion that Newton 
unified? He had his own three laws, which you met in Unit 
1* Also he had the three Laws of Planetary Motion stated 
by Kepler, which we considered in Chapter 7. 



Newton (from Chapter 3) 



1* A body continues in a 
state of rest, or of uniform 
motion in a straight line, 
unless acted upon by a net 
force. (Law of Inertia.) 

2. The net force acting 
on an object is directly 
proportional to and in the 
same direction as the 
acceleration . 

3. To every action there 
is an equal and opposite 
reaction , 



Kepler (from Chapter 7) 



1. The planets move in 
orbits which are ellipses 
and have the sun at one 
focus . 

2. The line from the sun 
to a planet sweeps over 
areas which are proportional 
to the time intervals. 

3. The squares of the 
periods of the planets are 
proportional to the cubes 
of their mean distances 



from the sun. 
Eq. (7.3). 



t2 = k-a^ 



The curvature of planet?i-y mo- 
tions requires a net force. 



Motion influenced by any central 
force will satisfy the Law of 
Areas . 



The net force accelerates the 
planets toward the sun. 



Now let us preview the argument by which these two sets 
of laws can be combined. 

According to Kepler's first law, the planets move in 
orbits which are ellipses, that is, curved orbits. But 
according to Newton's first law a change of motion, either 
in direction or amount, results when a net force is acting. 
Therefore we can conclude that a net force is continually 
accelerating all the planets. However, this result does 
not specify what type of force is acting or whether it 
arises from some particular center* 

Newton's second law combined with Kepler's first two 
laws was the basis on which Newton achieved a brilliant 
solution to a very difficult pxoblem. Newton's second 
law says * lat in every c.ise the net force is exerted in 
the direction o± the observed acceleration. But what was 
the direction of the acceleration? Was it toward one center 
or perhaps toward many? By a geometrical analysis Newton 
found that any moving body acted upon by a central force, 
that is, any force centered on a point, when viewed from 
that point, will move according to Kepler's Law of Areas. 
Because the areas found by Kepler were measured around the 
sun, Newton could conclude that the sun at the focus of 
the ellipse was the source of the central force, 

Newton considered a variety of force laws centered on 
points at various places. Some of his results are quite 
unexpected. For example, he found that circular motion 
wculd ijsult /rom an inverse-fifth power force lav, F ^ , 
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acting from a point on the cir del But, as we have just 
seen, the center of the force on the planets had to be at 
the sun, located at one focus of the elliptical orbits. 
For an elliptical orbit / or actually for an orbit along 

any of the conic sections discussed in Chapter 1 , the strength of the force 

^ - - - , ^ varies inversely with the square 

central force from the focus had to be an inverse-square of the distance, that Is, 

force, F « 1/R^. In this way Newton found that only an 



inverse-square force centered on the sun would result in 



F oc 1/r2^ 



the observed motions of the planets as described by Kepler's orbits will be ellipses, or 

-.^^ , , some other conic section, 

first two laws. Newton then clinched the argument by find- 
ing th?t such a force law would also result in Kepler's 
third law, the Law of Periods, = ka? 

From this analysis Newton concluded that one general OiO: IPuxtitne. SOvr^ if^mcOidn 

^ „ . , ^ ^. which was as/oAohie fo Hew(b¥\ wcs 

Law of universal Gravitation, that applied to the earth ^(^^ avdAoUe ib ottier CCnnf^t 

and apples, also applied to the sun and the planets, and Sae^tfsts ot ttHe tf^ (Halleuj^ WfW, 
all other bodies, such as comets, moving in the solar Hook^^. 
system. This was Newton's great synthesis. He brought 
together the terrestrial laws of motion, found by Galileo 
and others, and the astronomical laws found by Kepler. 
One new set of laws explained both. Heaven and earth were 
united in one grand system dominated by the Law of Universal 
Gravitation. No wonder that the English poet Alexander Pope 
wrote: 

Nature and Nature's laws lay hid in night: 
God said. Let Newton be I and all was light. 

As you will find by inspection, the Principia was filled 
with long geometrical arguments and was difficult to read. 
Happily, gifted popularizers wrote summaries, through which 
many people learned Newton's arguments and conclusions. In 
Europe one of the most widely read of thece popular books 
was published in 1736 by the French philosopher and reformer 
Voltaire. 

Readers cf these books were excited, and perhaps puzzled . ^ 

by the new approach and assumptions. From ancient Greece 5'^'^^ ^ 
until vel. after Copernicus, the ideas of natural place and ^H^e C^nc^lt of Acl WldCiSi. 
natural motion had been used to explain the general position Q^wpore fc U.S.Vtclar^drt 
and movements of the planets. The Greeks believed that the ^^^P^^cnoe— '"'^picSe ifultl^ 
planets were in their orbits because that was their proper ^ ^ S^fp- eVT^nt 

place. Furthermore, their natural motions were, as you 
have seen, assumed to be at uniform rates in perfect circles, 
or in combinations of circles. However, to Newton the nat- 
ural motion of a body was at a uniform rate along a straight 
line. Motion in a curve was evidence that a net force was 
continually accelerating the planets away from their natural 
motion along otraight lines. What a reversal of tHe assump- 
tions about the type of motion which was "natural"! 
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5wrwati^ Sec Z,/^ '- Xk his bw^ knotidn ^ Uewton deYtw\s\rvte<A that : (a) "tft^ {orce 
cn "fHe plaint '\s Occeleratno^ imm toward iPie Suki^ {h) a bodu adexi ufon bu^ a 
c^rttral force w'lH move' m acc^dojnce vvrtta kepleri law of areas. 

Th.'s sketch of Newton's argument outlines his procedure 
and the interv/eaving of earthly physics with astronomical 
conclusions from Kepler. Now we shall examine the details 
of Newton's a'nalysis and begin as he did with a study of the 
motion of bodies accelerated by a central force. 



Q6 Complete the following summary of New- 
ton's analysis: 

Step 1. Kepler's ellipses + Newton's 
first law (inertia) ? 

Step 2. Newton's second law ( force)) 
+ Kepler's area law ^ ? 



Step 3. Add Kepler's ellipses ? 

Step 4. What observed properties of 
the planetary oroits required that 
F « 1/r2? 

Step 5. Does the result agree with 
Kepler's Law of Periods? 



8.4 

T/0: Mdtxbvx under ck ceriirvf. -fbwe. 

A 




altitude base 



CC* 
BB' 
AA' 



AB 
AC 
BC 



B' 



Fig- C,3 The altitude of a tri- 
angle is the perpendicular dis- 
tance from the vertex of two 
sides to the third side, which 
is then the base. 



Q 0 



Fig. 8.A(a) 



r P Q R S 




Fig. 8.4(b) A body moving at a 
uniform rat in a straight line 
is viewed from point 0. 



Motion under a central force . How will a moving body re- 
spond to a central force? Before we proceed with the 
analysis, we need to review one basic property of triangles. 
The area of a triangle equals H base j< altitude. But, as 
Fig. 8.3 shows, any of the three sides can be chosen as the 
base with the corresponding vertex being the intersection 
of the other two sides, 

1. Suppose that a body,, initially at rest at a point Q, 
is exposed to a brief force, like a hanuner blow, directed 
toward 0. The body will be accelerated toward 0. It will 
begin to move toward 0, and after some definite time inter- 
val At, it will have moved a definite distance to a new 
point Q', i.e./ through the distance QQ', (Fig. 8.4a.) 

2. Suppose that the body was initially at some point 

P and moving at a uniform speed v along the straight line 
through PQ. (See Fig. 8.4b.) In equal intervals of time. 
At, it will move equal distances, PQ, QP., RS, etc. How 
will its motion appear to an observer at some point 0? 

To prepare for what follows — and to make incidentally a 
discovery .:hat may be surprising — ccnsider first the tri- 
angles OPQ and OQP. These have eaua^. bases, PQ and QR; and 
also eqr.dl altitudes, ON. Therefore they have equal areas. 
And therefore, the line from any observer not on the line, 
say at point 0, to a body moving at a uniform speed in a T^gpg,^-}^ 
straight line, like PQR will sweep over equal areas in p/g. 
equal times. Strange as it may seem, Kepler's Law of Are?is 
applies even to a body on v;hich there is no net force / and 
which therefore is moving uniformly along a straight line. 

3. How will the motion of the object be changed if at 
point Q it is e-:posed to a brief force, such as a blow, 

3i ected toward point O? A combination of the constructions 
in 1 and 2 above can be used to determine the new velocity 
vector. (See Fig. 8.4c.) As in 1 above ^ the force p.uplied 
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blow 
Q. R 




Q' 



N 



\ 




Fig. 8.4(c) A force applied 
briefly to a body moving in a 
straight line QR changes the mo- 
tion to QR\ 



09' 

Fig. 8.4(d) The areas of OPQ 
and OQR' are equal. 




at point 0 accelerates the object toward the center. In 
the time interval At, a stationary object at Q would move 
to point Q' . But the object was moving and, without this 
acceleration, would have moved to point R. Then, as Fig. 
8.4c indicates, the resultant motion is to point R'. Fig. 
8.4d shows Fig. 8.4c combined with Fig. 8.4b. 

Earlier we found that the areas of the triangles OPQ ^nd 
OQR were equal. Are the areas of the triangles OQR and OQR' 
also equal? To examine this question we can consider the 
perpendicular distances of R and R' from the line Q'Q as the 
altitudes of the two triangles. As rig. 8.4e shows, R and 
R' are equally distant from the line Q'Q. Both triangles 
also have a common base, OQ. Therefore, the areas of tri- 
angles OQR and OQR' are equal. Thus we may conclude that 
the line from the center of force, point 0, to the body 
sweeps over equal areas in equal time i..'.c -Vils. 

If another blow directed toward 0, even a blow of a 
different magnitude, were givan at point R' , the body would 
move to some point S" , as indicated in Fig. 8.4f. By a 
similar analysis you can find that the areas of triangles 
OR'S" and OR'S' are equal. Their areas also equal t\v 
area of triangle OPQ. 



Fig. 8.4(e) The distances of 
R and R* from QQ* are equal. 



blow 




Fig. 8.4(f) A force applied ai: 
R* causes the body to move to 

LiJ^ : 9rv^ram crhitX 
A - nhree^dimensicnaL vruxieL 
of1wo crbxts 



In t'^.e geometrical argument above we have considered 
the force to be applied at intervals At. What motion ^'^ 
will rojsult if each time interval At is made vanishingly 
small and the force is applied continuously? Ar» you 
would suspect, and as can be shown by rigorous proof, the 
argument holds for a continuously acting central force. We 
then have an important conclusion: if a body is continuously 
acted upon by any central force, it will move in accordance 
with Kepler's Law of Areas. In terms of the planetary orbits 
from which the Law of Areas was found, the accelerating Am ^Ode^ who 'tS inlerested in 
force irust be a central force. Furthermore, the sun is at -f^i^ Impoict of Hcwtdnixi^ (h^^^ 
the cent'^r of the force. Notice that the way in which t b on CeHtitnj writers dhox^ See 

strength of the central force depends on distaiice has not Marjwie UkJ^rofsons 6cie¥ice curk ^ 

been specified. :Smaqfn^r\ f^so 1pte "fMotjxeib 



Does this conclusion apply if 
the central force is one of re- 
pulsion rather than attraction? 



Q7 What types of motior. satisfy Kepler's 
Law of Areas? 
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8.5 



SunxmanA ^.5 

Kepiers ■^IPiiYti law,T^ ^ |<K5 
describes ryiotion m v n'ch 
ttie central aitradina -Porce 
vanes' irt/^tTseiiA wrftT 1?ie 



See "Newton's Laws of Dynamics" 
in Project Physics Reader 1 . 



'The (XYtyxsnnerjk Were a reaison- 
able one.. Stud^riis m'lojnt 

Se^rvx. Y>ossihle aM whelFier 

iPxej^ seem reasonable^. 

The. effort heme \s to die\rdop 

kind cf prvblerr} ^ he. "Solved 
(kt\<K we ^eweraf vKCffJX^ of 

Newton assumed that: 
1 



grav 



Vtere^ 1hat d^^rs besides 
hOiur^ of ttrie^ fbrci law. 



How can you explain the histori- 
cal feet that many scientific 
discoveries have been made in- 
dependently and almost simul- 
taneously by two or more men? 
What examples can you list? 



The inverse-square law of planetary for ce. In the last 
section we found that the force influencing the motion of 
a planet had to be a central force toward the sun. But many 
questions remained to be considered. How did the strength 
of the force change with the planet's distance from the 
center of motion? Would one general force Jaw account 
for the motions of all the planets? Or was a different 
law needed for each planet? Would the force law be 
consistent with Kepler's third law, « rS? could this 

be tested? And from what observations could the amount of 
the force be determined? 

Clearly, the nature of the force law should now be 
found; but how? The Law of Areas will not be useful, for 
we have seen that it is satisfied by any central force. But 
Kepler's first law (elliptical orbits) and third law (the 
relation between distance and period) remain to be used. We 
could start by considering what the relation between force 
and distance must be in order to satisfy the third law. 
Newton preferred to assume a force law and tested it against 
Kepler's third law. 

Some clues suggest what force law to consider first. Be- 
cause' the orbits of the planets are curved toward the center 
of motion at the sun, the force must be one of attraction 
tov/ard the sun. While the force might become greater with 
distance from the sun, we could expect the force to decrease 
with distance. Possibly the force varies inversely with 
the distance: F « i/r. or perhaps, like the brightness of 
a light, the force decreases with the inverse square of the 
distance: ,F « 1/r2 . Possibly the force weakens very 
rapidly with distance: F « 1/R^ , or even F « 1/r", where 
n is some large number. One could try any of these pos- 
sibilities. But here let us follow Newton's lead and test 
whether F « i/r2 agrees with the astronomical results. 

Actually Newton's choice of this inverse-square law was 
not accidental. Others such as Wren,.Halley and Hooke 
were attempting to solve the same problem and were con- 
sidering the same force law. In fa::t, Halley came to Newton 
in 1684 specifically to ask if he could supply a proof of 
the correctness of the inverse-square law which the others 
were seeking in vain. Even if Nev^ton had not already de- 
rived the proof, it is likely that someone would have soon. 
At any one time in the development of science, a rather nar- 
row range of interesting and important problems holds the 
attention of many scientists in a given field, and often 
several solutions are proposed at a the same time. 
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Because Kepler's third, or Harmonic, law relates the ^ ^ • ^ 

periods of different planets to their distances from the avoidina ndiiha anu scaie fodbrs 

sun, this law should be useful in our study of how the for d Or R .IViC o^urrieviV is 
gravitational attraction of the sun changes with distance, on ipje C^eometrt^ of Ft^g.S 

We have another clue from Galileo's conclusion that the Jf^^»^ applied fe tCvo flanek^ 

distance d through which a body moves as a result of the "^^^V periods 

^. , . ^ , eowr a\^ajncQ.£ can he. 

earth's gravitational attraction increases with the square compart. 

of the time, t^. The full relation is 

d = ^at , ^[^\^ ^ ^ ^^^j 

where a is a constant acceleration. ^ se^Tion 

We wish to compare the central forces, or accelerations, d = "Fall" 
acting on two planets at different distances from the sun. 
Fig. 8.5 indicates the geometry for two planets moving in 
circular orbits. For convenience we can consider one of 
the planets to be the earth, E. The other planet P can be 
at any distance from the sun. According to Newton's Law of 
Inertia, any planet continually tends to move, in a straight 
line. But we observe that it actually moves in an orbit 
which is (nearly) a circle. Then, as Fig. 8.5 indicates, 
in a small interval of time t the planet moves forward, 
and also falls a distance d toward the sun. No matter 
how large the orbit is, the motion of each planet is similar 
to that of the others, though each* has its own period T. 

This time t taken for either planet to move through the 
portion of the orbit indicated in Fig. 8.5 is a fraction of 
the total time T required for the planet to make one revolu- 
tion around the sun. No matter how large the orbit, the 
fraction ^ required to move through this angle, will be the 
same for any planet. But while the planet moves through 
this arc, it also falls toward the sun through a distance d, 
From Fig r'^Sls'we "can also see that the distance d increases 
in proportion to the distance R. 

Now let us use Galileo's equation to compare the "falls" 
of two planets toward the sun; 




Sun 



Fig. 8.5 The "fall * of the 
earth and a planet toward the 
sun . 



L (5 : CefiSml forces - /fem-teiPt bf<7ws 



d„ 



tp2 dp 
or = 



^E 



But because the values of d are proportional to R, w: 
replace the ratio (dp/dg) by (Rp/Rg) and have: 



can 



R« 



ap_tp2 
^E 4' 



The^ vwlue cfine acceleratich a, 
is 'idetfhfted (iop of poj^ ^s) and 
\hserted . Tfe r^utt iPxen leads ib 
kepl^ri-lliird or Warnwnic Lavj. 



Now, if we can express- the a's in terms of R's or t's, we 
can see whether the result agrees with Kepler's third law. 
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Assume that a « 1/r2 



Like Newton, let us assume that a varies with l/R^ , By 
rearranging the equation we have: 



— , t 2 



This has the same form as Kepler's third law, hut involves 
the times t for the planet to move through a smell arc, 
racher than the full period T. However, we have seen th--?t 
the times t required for planets to move througn the same 
arcs of circular orbits were the same fractions ^ of their 
total period. Thus we can replace t by T and have 



A • Come sec\hins modal 



In the analysis above we substi- 
tuted 1/R2 for a in the general 
relation R = at^. What results 
do yj?.ix^eJ;. H you set a = 1/r", 
where n is any number? What 
value must n have to satisfy 
Kepler 's Third Law? 



--^ , or Rp3 = k 



where the constant k adjusts the equality for the units in 
which R and T are expressed. This last equation is Kepler's 
Law of Periods which we saw as Eq. (7.3). 

In this derivation we have maae a number of assumptions: 
1) that Galileo's law of acceleration relating times and 
dis^r-:;c^,<^. of falling bodies on the earth applies to the ac- 
celeration of the planets toward the sun, and 2) that the 
acceleration toward the sun changes as 1/R^ , As a result we 
have found that the planets should move according to Kepler's 
Law of Areas. Since they do, we can (by Newton's fourth 
rule) accept our assumption that the sun's gravitational 
attraction does change with 1/R^, 

We assumed that the orbits were circles. However, Newton 
showed that any object moving in an orbit that is a conic 
s^ctipn (circle, elliose, par<iJ?ola or feypexbolajL-around a • 
center of force is being acted upon by a net force which 
varies inversely with the square of the distance from the 
center of force. 



Q8Why is Kepler's third law (R^ « T^ ) use- ^^^'^ 

ful for testing how the gravitational . . . 

acceleration chanqed with distance from ^^^^ simplifying assumptions were made 

j^ci the derivation hare? ^ - 

8.6 Law of Universal Gravitation . Evidently a central force is 
Vrire^ (X^Xetltidn io iPie d^^StWicee ^ol^ii^g the planets in their orbits. Furthermore, the 
btf^I^/een a Ofecr)niSi^\i> descri^dn strength of this central force changes iiversely with the 
/n which OTB -PorC^ square o' the distance froT\ the sun. This strongly suggests 

bet^ Cbjed-^^ Ijnan that the sun is the source of the force-but it does not 

ynOu^n avwruA pwife. 

necessarily require this conclusion. Newto/i's results raijht 
be fine geometry, but so far they include no physical mecn- 
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anism. The French philosopher Descartes (1596-1650) had 
proposed an alternate theory that all space was filled with 
a subtle, invisible fluid which carried the planets around .e 
the sun in a huge whirlpool-like motion. This was an ex- 
tremely attractive idea, and at the time was widely ac- 
cepted. However, Newton was able to prove tnat this mech- 
anism could not account for the quantitative observation 
of planetary motion summari;^ed in Kepler's laws. 

Kepler, you recall had still a different suggestion. He 
proposed that some magnetic force reached out from the sun 
to keep the planets moving. To Kepler this continual push 
v;as necessary because he had not realized the nature of 
inei:tial motion. His model was inadequate, but at least he 
was the first to regard the sun as the controlling .mechanical 
agent behind planetary motion. And so the problem remained: 
was the sun actually the source of the force? If so, on 
what characteristics of the sun did the amount of the force 
depend? 

At this point Newton proposed a dramatic solution: the 
force influencing the planets in their orbits is nothing 
other than a gravitational attraction which the sun exerts 
on the planets. This is a gravitational pull of exactly 
the same sort as the pull of the earth on an apple. This 
assertion, known as the Law of Universal Gravitation, says: 

every object in the universe attracts every other 
object with a gravitational force . 

If this is so, there must be gravitational forces between a 
reck and the earth, between the earth and the moon, between 
Jupiter and its satellites — and between the sun and each of 
the planets. 

But Newton did not stop by saying only that there is a 
gravitational force between the planets and the sun. He 
further claimed that the force is just exactly the right 
size to account completely for the motion of every planet. 
No other mechanism is needed... no whirlpools in invisible 
fluids, no magnetic forces. Gravitation, and gravitation 
alone, underlies the dynamics of the heavens. 

Because this concept is so commonplace to us, we are in 
danger of passing it by without really understanding what 
it was that Newton was claiming. First, he proposed a 
truly universal physical law. He excluded no object in the 
universe from the effects of gravity. Less than a century 
before it would have been impious or foolish even to suggest 
that terrestrial laws and forces were the same as those that 
regulated the whole universe. But Kepler and Galileo had 



1. Wewlcns" \/\fork ported 
scierXxsts '\b cons'iderit'e 
planets as substoiofidl nWirxg 
)oodxes ^ not as a^eomethb 
pdnts. 

^. NewtoKi did ntft rttfempf-fo 
explain "Itne cause of ojravi - 
"teitloVi; ?rt {act, how ^n^o/ifelion 
acts' cT^/ev" /onge dis^ayvces has 
• ^en onck contfnues ilb be an 



Sun 




The sun, moon and earth each 
pull on the other. The forces 
are in matched pairs in agree- 
ment with Newton *s third law. 
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begun the unification of the physics of heaven and earth. 
Newton was able to carry a step further what had been well 
begun. Because Newton was eventually able to unite the 
mechanics of terrestrial objects and the motion of celestial 
bodies through one set of propositions, his result is called 
the Newtonian synthesis . 

A second feature of Newton's claim, that the orbit of a 
planet is determined by the gravitational attraction between 
it and the sun, was to move physics away from geometrical 
explanations toward physical ones. Ke shifted the question 
from "what are the motions?", which Kepler had answered, to 
"what force effects the motion?" In both the Ptolemaic and 
Copernican systems the planets moved about points in space 
rather than about objects , and they moved as they did be- 
cause they had to by their nature or geometrical shape, not 
because forces acted on them. Newton, on the other hand, 
spoke not of points, but of things, of objects, of physical 
bodies. Without the gravitational attraction of the sun to 
deflect them continually from straight- line paths, the 
planets would fly out into the darkness of space. Thus, it 
was the physical sun which was important rather than the 
point at which the sun happened to be located. 

Newton postulated a specific force. By calling it a 
force of gravity he was not, however/ explaining why it 
should exist. He seems to be saying essentially this: hold 
a stone above ,the surface of the earth and release it. It 
will accelerate to the ground. Our laws of motion tell us 
that there must be a force acting on the stone driving it 
toward the earth. We know the direction of the force and 
we can find the magnitude of the force by multiplying th« 
mass of the stone by the acceleration. We can give it a 
name: weight, or gravitational attraction to the earth. 
Yet the existence of this force is the result of some unex- 
plained interaction between the stone and the earth. Newton 
assumed, on the basis of Li<? Rules of Reasoning, that the 
same kind of force exists between the earth and moon, or any 
planet and the sun. The force drops off as the square of 
the distance, and is of just the right amount to explain the 
motion of the planet. But why such a force should exist re- 
mained a puzzle/ and is still a puzzle today. 

Newton's claim that there is a mutual force between a 
planet and the sun raised a new question. How can a planet 
and the sun act upon each other at enormous distances with- 
out any visible connections between them? On earth you can 
exert a force on an object by pushing it or pulling it. We 



are not troubled when we see a cloud or a balloon drifting 
across the sky even though nothing seems to be touching it. 

Although air is invisible, we know that it is actually a J? you have a. CObU of^e 

•material s'jbstance, which we can feel when it blows against '^inctpia. {se£ Bibnographw), 
us. Objects- falling to the earth and iron objects being at- 5® Sfud&^X^io ContfZ^it 

tracted to a magnet are more troublesome examples, still, ^^^^J^^ % 

the distances are usually short, and one could imagine that KKtothemafeoI ^Ollysi? USed 

there is some sort of tenuous contact or influence involved. b(4 Wavfejn- 

> ♦•ho o3i-«-Vi in nr\ _^ -i -i ^ - - , _ 



How can forces act at a great 
distance through space that 
seenfs to be empty? 



But the earth is over 90 million miles and Saturn more than 
2 billion miles from the sun. How could there possibly be 
any physical con act between such distant objects? Kow can 
we account for such "action at a distance"? 

There were in Newton's time, and for a long time after- 
ward, a series of suggestions to explain how mechanical 
forces could be exerted at such distances. Newton himself, 
however, did not claim to have discovered how the gravita- 
tional force he had postulated was transmitted through space. 
At least in public, Newton refused to speculate on how the 

postulated gravitational force was transmitted through space . "^^'^'^ ^ VOftlOeS WaS 

' based OKT ftie oxurrvftviM 



He saw no way to reach any testable answer which would re- 
place the unacceptable whirlpools of Descartes. As he said 
in a famous passage in the General Scholium added to his 
second edition of the Principia (1713): 

...Hitherto I have not been able to discover the cause 
of those properties of gravity from phenomena, and I 
frame no hypotheses; for whatever is not deduced from 
the phenomena is to be called an hypothesis; and hy- 
potheses, whether metaphysical or physical, whether 
of occult qualities or mecharical, have no place in 
experimental philosophy. In this philosophy par- 
ticular propositions are inferred from the phenomena, 
and afterwards rendered general by induction. Thus 
It was that the impenetrability, the mobility, and 
the impulsive force of bodies, and the laws of motion 
and of gravitation were discovered. And to us it is 
enough that gravity does really exist, and act ac- 
cording to the laws which we have explained, and 
abundantly serves to account for all the motions of 
the celestial bodies, -and of our sea 



i^TtfCtr notumL md^n can 
occ^r in cvrdes. 



This quotation is part of an 
important comment, or General 
Scholium, beginning on page 5A3 
of the Cajori edition. Univer- 
sity of California Press. The 
quotation is on page 5A7. 



Some cf xxcM- opock ^c(e«1s 

iVi -me. la^ -fert pages of book 
IT (end of Vd. I of-^^ eMbn 
in -me SimijarDifhU) of #te 

we quoted Newton at length because this particular pas- ^^'^^^ ^SdH^"^ 
sage IS frequently misquoted and misinterpreted. The OfdJl ^lisCl^ te^iA <f 

original Latin reads: hypotheses non fingo . This means: WrticeS 
"I frame no hypotheses," "I do not feign hypotheses," or 
"I do not make false hypotheses." 

Newton did make numerous hypotheses :n his numerous publi- 
cations, and his letters to friends contain many other 
speculations which he did not publish. More light is shed 
on his purpose in writing the General Scholium by his manu- 
script first draft (written in January, 1712-13) . Here 
Newton very plainly confessed his inability to unite the 
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of -rfte sHfft -fn/m a cysom^dric 
orofAnwr^ of flonAbunA yndHon 
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, -TT . T/* * ^ hypothesis of gravitational forces with observed ph'-nomena. 

/. The CfrfMtciticmd force. bd&«en 

i-wo bodies is froport^dnal ib tfhe^^ 

pm;<ud' of Kietr masses. i ^^ve not yet disclosed the cause of gravity, 

nor have I undertaken to expla .n it, since I could 
S. Ihe^ niaiheryuiticaL ^iftemQrit not understand it from the ph nomena . 

Oflh^ lawo^uri^ai gravi- ^3 j^^^^on the questions which we can answer 

imon can be written 

are those specifying the quantitative nature of this force. 
- Cr ^'^^ We can test the results by applying them to a few selected 

cases. 

Q10 Why do the quantitative predictions from Q11 Why was the explanation of "action at a 

Newton's Law of Universal Gravitation distance" of interest to scientists? 



cause us to accept this universal law? 



Q12 Why didn't Newton explain gravitation? 





1 



Ground 

Fig* 8*6 • Because falling 
spheres of unequal mass accele- 
rate at Che same rate» the 
gravitational forces on them 
must be proportional to their 
masses* 



8.7 The magnitude of planetary force . We want to build a 

physics of the heavens which explains the motion of bodies 
by the forces between th«n. Therefore the general statement 
that a universal gravitational force exists has to be turned 
into a quantitative one that gives an expression for both 
the magnitude and direction of the force between any two 
objects. It was not enough to assert that a mutual gravi- 
tational attraction exists between the sun and say Jupiter. 
Newton had to specify what quantitative factors determine 
the size of that mutual force, and how it could be measured, 
either directly or indirectly. 

While studying Newton's Laws of Motion in Unit 1, you 
first encountered the concept of mass. Indeed, Newton's 
second law, Fj^^^ = ma, states that the acceleration of any 
object depends upon the net force and the mass* Consider 
the two spheres in Fig. 8*6. Let us say that body B has 
double the mass of body A. Newton's second law tells us 
that if a net force causes body A to be accelerated a cer- 
tain amount, double that force will be needed to accelerate 
body B by the same amount. If we drop bodies A and B, the 
earth's gravitational attraction causes them to accelerate 
equally: " ^ " force on B must be twice the 

force on A. Twice the mass results in twice the force — 
which suggests that mass itself is the key factor in deter- 
mining the magnitude of the gravitational force. 

Like Newton, let us propose that the gravitational force 
on a planet, due to the pull of the sun, must be proportional 
to the mass of the planet itself. It immediately follows 
that this force is also proportional to the mass of the sun. 
We can see that the second proportionality folloti^s, if we 
consider the problem in terms of a stone and the earth. We 
saw before that the downward force of gravity on the stone 
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and oppodite, forses oesttt^^ b^t^een two b^jftcs cCcffterinoi rn^s^. 
FJjutres 8.7 and ^ ^i^ncd te eicptobn vert^ s'mpli) imsr fhciC w« 



Stone 



earth 



stone 



earth 



Fig. 8.7(a) The gravitational 
force on the earth is equal and 
opposite to the gravitational 
force on the stone. 
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Pig. 8.7(b) The gravitational 
force on a planet is equal and 
opposite to the gravitational 
force, due to the planet, on the 
sun. 



is proportional to the mass of th':^ stone. Then by Newton's 
third law the force experienced by the earth owing to the 
stone is equally large and opposite, or upward. Thus while 
the stone falls, the earth rises. If the stone were fixed 
in space and the earth free to move, the earth would, rise 
toward the stone until they collided. As Fig, 8.7 indicates, 
-the forces are equal and opposite," and the accelerations 
are inversely proportional to the masses. 

The conclusion that the forces are equal and opposite, 
even between a very large mass and a small mass, may seem 
contrary to common sense. Therefore, let us consider the 
force between Jupiter and- the sun/ whose mass is about 1000 
times that of Jupiter. As Fig. 8.8 indicates, we could con- 
sider the sun as a globe containing a thousand Jupiters. 
Let us call the 'force between two Jupiter-sized masses, 
separated by the distance between Jupiter and the sun, as 
one unit. Then Jupiter pulls on the sun (a globe of 1000 
Jupiters) with a total force of 1000 units. Because each 
of the 1000 parts of the sun pulls on the planet Jupiter 
with one unit the total pull of the sun on Jupiter is also 
1000 units. Remember that each part of the massive sun not 
only pulls on the planet, but is also pulled upon fajr the 
planet. The more mass there is to attract, the more there 
is to be attracted. 



Sun = 1000 Jupiters 
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O 

Jupiter 

Fig. 8.8 The gravitational for- 
ces between the sun and a planet 
are equal and opposite. 

SG 8.3 
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Force depends on mass of sun. 



Force depends on mass of planet. 



SG 8.7 



F « 



grav 



(8.1) 



(8.2) 



mp X nu 

F = G — 2. (8,3) 

grav ^2 



Try a thought experiment. Con- 
sider the possibilities that 
the force could depend upon the 
inasses in either of two other 
ways: 

(a) total force depends on 

(m + m , ^)» or 
sun planet 

(b) total force depends on 

(m /m , 
sun planet 

Now in imagination let one of 
the masses become zero. On the 
basis of these choices, would 
there still be a force even 
though there were only one mass 
left? Could you speak of a 
gravitational force when there 
was 110 body there to be accel- 
erated? 
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The gravitational attraction is proportional to the mass 
of the large body and the attraction is also proportional to 
the mass of the small body. How do we combine these two pro- 
portionalities to get one expression for the total force? Do 
we multiply the masses, add them, or divide one by the other? 

Figure 8.8 already suggests the answer. If we replaced 
the sun (1000 Jup iters) by only one Jupiter, the force it 
would exert on the planet would be only one unit. Likewise, 
the planet would attract this little sun with a force of 
only one unit. But because the sun is a thousand times 
larger than Jupiter, each pull is 1000 units. If we could 
make the planet Jupiter three times more massi e, what 
would the force be? You probably answered immediately: 
3900 units. That is, the force would be multiplied three 
times. Therefore we conclude that the attraction increases 
in direct proportion to increases in the mass of either 
body, and that the total force depends upon the product 
of the two masses. This conclusion should not be surpris- 
ing. If you put one brick on a scale, it has a certain 
weight (a measure of the earth's gravitational attraction 
on the brick). If you put three bricks on the scale, what 
will they weigh? That is, how much more will the earth 
attract the three bricks compared to one brick? 

Thus far we have concluded that the force between the sun 
and a planet will be proportional to the product of the 
masses [Eq. (8.1)]. Earlier we concluded that this force 
also depends upon the inverse square of the distance between 
two bodies. Once again we multiply the two parts to find 
one force law [Eq. (8.2)] that relates both ma^sses_9n4^dis- 
tance . 

Such a proportionality as (8.2) can be changed into an 
equation by introducing a gravitational constant, G, to allow 
for the units cf measurement used. Equation (8.3) is a bold 
assertion that the force between the sun and any planet depends 
only upon the masses of the sun and planet and the distance 
between them. We should notice what the equation omits.- 
The force does not depend upon the name of the planet or its 
mythological identifications. Furthermore, it does not con- 
sider the mass of sun or earth as being in any way special 
compared with the mass of some other planet. 

According to Eq. (8.3) the gravitational force is deter- 
mined by and only by the masses of the bodies and the dis- 
tance separating them. This equation seems unbelievably 
simple when we remember the observed complexity of the 
planetary motions. Yet every on^ of Kepler's Laws of Plane- 

IfioMQkf Bxprnrim^rtlt wdl aorcss tf\Q rteason 

9or itiuWucnQ fie moasma . inttbckd oP adAitvOi or dn/cdiViQ. 
emeiris ^ tFiis dlpjptccit^ lb UHC^alEindi bcif (Hei? 



The general Law of Universal 
Gravitation: 



grav 
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(8.4) 



tary Motion is consistent with this relation, and this is 

the real test whether or not Eq. (8.3) is useful. ^ arr)|4rWnt ftTrlfre df.Vie/cfKnerit 

Moreover, Newton's proposal that such a simple equation ff gravifeKowil laiv ^muloe ho6 
defines tl.e forces between the sun and planets is not the ?fS£ '1^^ 
final step. He believed that there was nothing unique or fb//ow 1^ frt7rM £a. (^f) 
special about the mutual force between sun and planets, or Eif. i^J^). 
the earth and apples: a relation just like Eq. (8.3) should 
apply universally to any two bodies having masses mj and ma 
separated by a distance R that is large compared to the 
diameters of the two bodies. In that case we can write a 
"general law of universal gravitation" (Eg. (8.4)]. The 
numerical constant G, called the Constant of Universal 
Gravitation, is assumed to be the same everywhere, whether 
the objects are two sand grains, two members of a solar 
system, or two galaxies separated by half a universe. As 
we shall see, our faith in this simple relationship has be- 
come so great that we assume Eg. (8.4) applies everywhere 
and at all times, past, present and future. 

Even before we gather the evidence supporting Eq. (8.4), 
the sweeping majesty o'f Newton's theory of universal gravita- 
tion commands our wonder and admiration. You may be curious 
as to how such a bold universal theory can be tested. The 
more diverse these tests are, the greater will be our grow- 
ing belief in the correctness of the theory. 



Ycur gtuderik ^hodd be (x^are^ 

an?ee {or Mevwteia ^ and vs/h'ch 
6fi(( Ue at ike iieort ^ 
research in ^^tAsfbol ectence. 
\Qee. VeuizlcpmenX SectfonO 



Q13 According to Newton's Law of Action and 
Opposite Reaction, the earth should rise 
toward a falling stone. Why don't we 
observe the earth's motion toward the 
stone? 



Q14 What meaning do you give to G, the 
Constant of Universal Gravitation? 



Testing a general law. To make a general test of an equa- 
tion such as Eq. (8.4) we would need to determine the numer- 
ical value of all quantities represented by the symbols on 
both the left and right side of the equality sign. Also we 
should do this for a wide variety of ccses to which the law 
is supposed to apply and check to see if the values always 
come out equal on both sides. But we surely cannot proceed 

that way. How would we determine the magnitude of F 

. qrav 
acting on celestial bodies, except through the application 

of this equation itself? Newton faced this same problem. 

Furthermore, he had no reliable numerical values for the 

masses of the earth and the sun, and none for the value 

of G. 

But worst of all— just what does R represent? As long 
as WG deal with particles or objects so small that their 
size is negligible compared with the distance between them. 



J. A ^erfeml law hasib ht 
verified bij vneaswrinch atfihe 
Y^^icd quoiftiU^ a^rtcemed. 

£. Tar spherical bodies fhtft 

ticinol ^oroe^ con fae considio^ 
-t& act belw0£4n tfteiV cerierg. 



95 



TPie c^^ftcyt of-itne^ rrtas^ fo'irit is ayi exlremeiij impcriarit one ; UewCoy^s arvfiAmerilt 
for considering 1jne max of a sphere ijo be c(5nc^fewteki od: ifie oe^r provided a, 
beaUTifuiii^ Simple waijj of worUVxi^ otAt: prohlems m gruv^itart'ujrial -f^Trce. 




Fig. 8.9 The net gravita'iionr.l 
force on a point. A, in a 
spherical body is towards tho 
center y C. 

TJie iniportcirit eff^ect^ of small 

Vvill became oppwreMft in Sec. 
^.11 , wY^zjre. -^e effect of bdin 
Sun ayuA mean on Une. eotttris 
tides is discussed. 



Assume that a planet is a sphere 
of uniform density (which the 
earth is not). Compute the grav- 
itational attraction at points 
3M, 1/2, IM of the radius R 
from the center. The volume of 
a sphere is given by: 
Volume = 4flR?/3. 

Jjf Some of uour gfUdents seem 
wpmtsol me me^on of 

{middle df P^^}> migkt 
romind 1i?iem wpt is jm^ Ol 



there is no ambiguity. But even between the sun and earth, 
it is not self-evident whether R should refer to the distance 
from surface to surface, or center to center, or some other 
distance. 

To* answer this question, Newton turned to a model — ^and 
we can follow his argument in general terms. Let us imag- 
ine a rigid homogeneous spherical body, or one composed of 
spherical shells, such as the body in Fig. 8.9. Within it, 
any small particle. A, is attracted by all the other parti- 
cles, near and distant, i^'or each attracting particle B on 
one side of a line to the center C, there is a symmetrical- 
ly placed particle D exerting an equal attraction on the 
other side of the center line* Therefore the net force on 
particle A is in the direction of the center C. 

The amount of force on A is, however, more difficult to 
determine. Some points, like G, are relatively near to A, 
while many more, like H and I are farther away. To sum up 
all the sirall attractions Newton developed a new mathematical 
procedure called the infinitesimal calculus. With it he con- 
cluded that the the force on a particle at a point A depended 
only upon the mass of material closer than A to the center. 
The attractions of the material located further from the 
center than point A canceled out* 

A similar analysis shows that on an external spherical 
object — an apple on a branch, or the moon, or a planet — the 
total gravitational attraction . cts as if it originated at 
the center of the attracting spherical body. Then the dis- 
tance R in the Law of Universal Gravitation is the distance 
between centers. 

This is a very critical discovery. Now we can consider 
the gravitational attraction from a rigid spherical body as 
though its mass was concentrated at a point, called a mass- 
po£nt . ^^^''^ ^ imaynciiC^ m^taod of Windlirxa 



Q15 What difficulties do we have in testing 
a universal law? 

Q16 What is meant by the term "mass point**? 



0.17 How did Newton go about devising some 
tests of his Theory of Universal Gravi- 
tation even though he did not know the 
value of G? (See next section.) 



Stj usmq -ttieiedfvnique, of 
ccmpacrtsan and 1tie comcef^ 
cf UHfversal ofwiiSian^ 
Uewtcm Was A>le i& predid: 
Kte quaifftitlA of moons 
accelerdHim -i^woM 1fie Smw. 
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8.9 The moon and universal gravitation . Before we digressed to 
discuss what measurements we should use for distance R, we 
were considering how Newton's equation for universal gravi- 
tational attraction could be tested experimentally- To use 
Eq. (8.4) to find any masses the value of G must be known. 
However, the value of G was not determined for more than a 
hundred years after Newton proposed his equation. 

Newton had to test Eq. (8.4) indirectly. Since he could 



not measure any of the attractions directly, he had to be 
satisfied with comparing various similar motions. This is 
a procedure often used in scientific studies. Newton began 
by comparing the gravitational pull of the earth on a ter- 
restrial object {like an apple) and on the moon. From the 
data available to him, Newton knew that the distance between 
the center of the earth and the center of the moon was 
nearly 60 times the radius of the earth. Since the attrac- 
tive force was believed to vary as 1/r2, the gravitational 
acceleration of the earth upon the moon should be only 
1/60^ or 1/3600 of that upon an apple at the surface of the 
earth. From observations of falling bodies it was known that 
the gravitational acceleration at the earth's surface was 
nearly 9.80 meters per second per second. Therefore, because 
of the earth's attraction, in one second the moon should, as 
Fig. 8.10 indicates, "fall" toward the earth at the rate of 
9.80/3600 meters per second^, or 2.72 x io-3 m/sec^. Does it: 

As starting information Newton knew that the orbital 
period of the moon was very nearly 27j days. Also, he knew 
that the moon's average distance from the earth is nearly 
240,000 miles. But most important was the equation [Eq. 
(8.5)] for centripetal acceleration, a^, that you first 
saw in Unit 1. That is, the acceleration, a^, toward the 
center of attraction equals the square of the speed along 
the orbit, v, divided by the distance between centers, R. 
To find the average linear speed, v, we divide the total 
circumference of the moon's orbit, 2nR, by the moon's period, 
T. Then upon substitution for v^ in Eq. (8.5) we find 
Eq. (8.6) for the centripetal acceleration in terms of the 
radius of the moon's orbit and the orbital period of the 
moon. When we substitute the known quantities and do the 
arithmetic we find 

10"3 m/sec2. 



= 2.74 



From Newton's values, which were about as close as these, 
he concluded that he had 

compared the force requisite to keep the moon in her 
orbit with the force of gravity at the surface of the 
earth, and found them to answer pretty nearly. 



Inert ial 
motion 

"Faii'T"::::^ 




Earth h 

Fig. 8.10 As the moon moves 
through space, the gravitational 
attraction of the earth causes 
the moon to "fall" toward the 
earth. The continuous combina- 
tion of straightline inertial 
motion and "fall" produce the 
curved orbit. 



Predicted value of the earth's 
gravitational acceleration at 
the distance of the moon: 
2.72 X 10-3 nj/sec2. 



a = v^/R 
c 



(8.5) 



v = 27TR/T, and v^ = 4n2R2/T2 
a^ = 47t2r/t2 (8.6) 



Observed rate of moon's accelera- 
tion toward the earth: 
2.74 X 10**3ni/se<? . 



Therefore 
in its orbit 
equal to the 
bodies there 
1 and 2) the 
its orbit is 
call gravity 



the force by which the moon is retained 
becomes, at the very surface of the earth, 
force of gravity which' we observe in heavy 

And therefore (by Rules [of Reasoning] 
force by which the moon is retained in 
that very same force which we commonly 



By this one comparison Newton had not yet proved his law 
of universal gravitational attraction. However, Newton was 



You niiojrt ask {M>ur stude^ik 1b 

m{6ec^ Jjy' tfte yncank acceknOion 
biA actuolUA wotklna cat 1he 

? ^ririe. nu^an Vs ?.S4.x 10*' ton, 
ourid c»K? use S,7rs cbys -fbrT 
Koue iKcw see u/fui" happens to 
vne^ -firrof answer whan varibus 
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■mis mgjjbe a opod )p(ace fo ^KHpkiscze ttaeitiooM Ifedt WevvfcK was: uswoi;) maWu^lTci^l 

^lilc ^"^^T^ ^^"^ we m^^^ of i^e florets, ihus -fusi^o^ iU 

of law^ about Two different of p^.^caL f^etwrr^eyxo, (htd a Smold ttrieom. 

SG8.4 able to show, as we did in Section 8.5, that the general 
Ihe. Hoori^ Xrre^udar Motfdn statement of Eq. (8.4) applied also to the motion of planets 
sec^. around the sun along orbits that are conic sections (in this 

SG 8.8 case, ellipses) . 



See f^rVicle^ sedtta^. 



Q18 In what way did Newton compare the mo- 
tions of a falling apple and of the 
moon? 



Q19 Explain the significance of the numeri- 
cal results of Newton's computation of 
the moon's acceleration. 



S(/nrtmar(A % 

7^l(<3WslFi« derWcAi&n, of Q-'^Q ^^^v^tation an d planetary motion . The line of discussion 



Kepicr^ ihnrd (aw -from line "sed to consider the force of the earth's gravitational • at- 

/^w J^!^ ^^/H^ secona traction upon the moon opens up a further opportunity to 
^ u£e^^^^'^ o.eo. „e„to„.s theo^. Newton „e.v i.port™t .ss-p. 

(f^r^erffe weak m alaOonx, gravitational attra- , must be the cause of 

(K quaftCciive^ ifeat^^ centripetal acceleration. 

Project Physics Reader 2 . 



F = mass x acceleration 
c 



= Vc 

= iHp (47i2r/t2) 

. Vs 



grav 



(8.7) 



(8.3) 



Equation (8.6) related the centripetal acceleration, a , 
to the distance and period ot a body moving in a circle. 
Therefore, for a planet going in a circular Dibit— a good 
approximation for this purpose — the centripetal force F is 
just the acceleration multiplied by the mass of the planet 
[Eq. (8.7)]. Earlier we found that the gravitational force 
on a planet in its orbit around the sun was given by Eq. 
(8.3). Now we can equate the relations, Eqs. (8.3) and 



After canceling the quantity m 



but 



F = F 



grav 



, ati2r Vs 

Jrtp = G — — 



(8.8) 



Tp2 = kR3 £s Kepler's Third Law. 



In Chapter 7 we wrote t2 = ka^ 
where a was the mean distance in 
the orbit. However, in Chapter 
8 we have used a for accelera- 
tion. To lessen confusion we 
use R here to describe the mean 
distance of an orbit. 

32: is zmporTaKC 1d remxYxd if^ 
dUtke^ -iM«t'-/fte c^^ucCfeV)s 
(M^ sai^itr^ scm^ith'ma Ike 
tfits - we ore lookini^ aflht 



(8.7) , for F^^^„ and F 

grav c 

on both sides and rearranging the symbols, we have Eq 

(8.8) which has the form of Kepler's third law, t2 = kR-^. 
The quantity within the bracket of Eq. (8.8) occupies the 
same place as the constant k which we earlier found to be 
the same for all planets. The brackets contain only the 
terms; G, which is supposed to be a universal constant; nig, 
the mass of the sun; and the numbers 47i2. since none of the 
terms in the brackets depends upon the particular planet, 
the bracket gives a value which applies to the sun's effect 
on any planet. 



This does not prove that k = 47i2/Gm^. if, however, 



we 



tentatively accept the relation, it follows that Gmg = 47i2/k. 
Therefore, while we have not seen how one could determine 
either G or mg separately, the determination of G would al- 
low us to calculate the mass of the sun, m^. 

We must ;till question whether G is really a universal 
constant, i.e., one with the same value for all objects that 
interact according to Eq. (8.4). Although Newton knew in 
principle how one might measure the numerical value of G, he 



motton of a p/ane^ro^^ . . . ^ numerical value of G, 

nljjn^ lacked the precision equipment necessary. However, he did 

Vav ' ^^'^^ provide a simple argument in favor of the constancy of G. 

^ Consider a body of mass mj on the surface of the earth (of 

different of vW, (0 as ac^l^;, ^^.l^^^'^^^ ^^f^U-J^ ^J-'^lUf - JJ^^j^ 

end qf a ^m^, c^(fij from a ^vAfeWl pdinf cf wew- as^ihW, we CTvedo^ 



body's weight, which we call F^^^^, is given by mig. ihen 
we can again equate the earthly gravitational force, mig, 
witfh the force predicted by the Law of Universal Gravitation. 
The result is Eq. (8.9). At any one position on earth, 
(^^/nig) is constant (because and are each constant) 
regardless of what the numerical value of this ratio may be. 
Then, if oil substances at that place shov; precisely tne 
same value for g, the gravitational acceleration in free 
fall, the quantity G also must be constant there. This con- 
clusion should hold regardless of the chemical composition, 
texture, shape and color of the bodies involved in free fall. 
That g is constant at a given location is just what Newton 
showed experimentally. His measurements were made not by 
just dropping small and large bodies, from which Galileo 
had previously concluded that g cannot vary significantly. 
Instead Newton used the more accurate method of timing pendu- 
lums of equal lengths but of different materials such as wood 
and gold. After exhaustive experiments, all pointing to 
the constancy of g, and therefore of G at a given location, 
Newton could write: 

This [constancy] is the quality of all bodies 
within the reach of our experiments; and therefore 
(by Rule 3) to be affirmed of all bodies whatsoever. 

Thus G attained the status of the Universal Constant of 
Gravitation — one of the very few universal constants in 
nature. 



Weight = F^^^^ = raig, but also 



rnirru 
G , then 
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"^iS = G , and 
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Q20 How did Newton use the centripetal force 
in his analysis of the motions of the 
moon and planets? 

Q21 On what basis did Newton conclude that 



G was a universal constant? 

Q22 Since the value of g is not the same at 
all places on the earth, does this mean 
that perhaps G is not really constant? 



8.11 The tides . The flooding and ebbing of the tiaes, so im- 
portant to navigators, tradesmen and explorers through 
the ages, had remained a ;nystery despite the studies of 
such men as Galileo'. Newton, however, through the applica- 
tion of the Law of Gravitation, was able to explain the 
main features of the ocean tides. These he found to result 
from the attraction of the moon and sun upon the fluid 
waters of the earth. Each day two high tides normally oc- 
cur. Also, twice each month, when the moon, sun and earth 
are in line, the tides are higher than the average. Near 
quarter moon, when the directions from the earth to the moon 
and sun differ by about 90^, the tidal changes are smaller 
than average. 



SummorM 

TFie prmpJe of universai (^Vi- 
tafion was able, in Of^varcA yib 
Qjccount for HHe phenomenon of 
ocean ttaes. 

What are the phases of the moon 
when the moon, dun and earth 

cornpareci ib life eartti- stin 
distdyicAy IS a veru GnuM part 
c^ifxe. R -fridt is measured, for 

^mwfetfaruxl equction. Yom 
irnMt ask Mur stiAdenlt^ to 
caiccdate, vmat }peYx:ertixOf^ ^ 
value of tti-^x lo^m \s of 
t.S X ic'nt. 



Two questions about tidal phenomena demand special at- 
tention. ?irst, why do high tides occur on both sides of 

When 'it comes id ilne earths rnoon distok^Ke , hcwe\/ery ia.«x 1^^ m becomes 
a si(^ytif(cairxt: part of 3.9 x, lo^rri i^Jine^ eaxitrx -ynoo^ distance). 
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You rrtM u/fsh fe work out Stoc^jj Gwidc /^e faewrW. Tpji? pn^fclena 

^arvc^ hett&r as cx demonstvvtion ithan as a stidtent e>ierc^. 

the earth, including the side away from the moon? Second, 
why does the time of high tide occur some hours after the 
moon has crossed the north-south line (meridian) ? 

iPiam iS an cxceil0nt exanndle. Newton realized that the tide -raising force would be the 
in -this Sectiorx cf how dcauo- difference between the pull of the moon on the whole solid 
tfbn frvm a Of^erx^ iheorUi earth and on the fluid waters at the earth's surface. The 
SSK^.^c 'i^^"?"^ ^"T^ distance from the solid earth is 60 ^arth radii. On 

' /the side of the earth nearer the moon, the distance of the 

water from the moon is only 59 earth radii. On the side of 
the earth away from the moon the water is 61 earth radii 
• . . . from the moon. Then the accelerations would be those 

shown in Fig. 8.11. On the side near the moon the accelera- 
tion is greater than that on the rigid earth as a whole, 
so the fluid water on the surface of the earth has a net 
acceleration toward the moon. On the far side of the earth, 
the acceleration is less than it is on the earth as a whole, 
so the water on the far side has a net acceleration away from 
the mocn. We could say that the rigid earth is pulled away 
from the water. 



/59 
1/61 



Fig. 8.11 Tidal forces. The 
earth-moon distance indicated 
in the figure is greatly reduced 
because of the space limitations. 

prov'ide^ an eKceli&rtt vvctm op 
^ttirig ocyxtss #ie COhcef^ cp 
aif^enria ^jirovilStidnai -fdrce 
on diVrier side cf a Sigwlpr^ 



If you have been to the seashore or examined tide tables, 
you know that the high tide does not occur when the moon 
crosses the north-south line, but some hours later. To ex- 
plain this even qualitatively we must remember that the 
oceans are not very deep. As a result, the waters moving in 
the oceans in response to the moon's attraction encounter 
friction from the ocean floors , especially in shallow water, 
and consequently the high tide is delayed. In any particular 
place the amount of the delay and of the height of the tides 
depends greatly upon the ease with which the waters can flow. 
No general theory can be expected to account for all the 
particular details of the tides. Most of the local predic- 
tions in the tide tables are based upon the cyclic variations 
recorded in the past. 

SG 8.16 Since there are tides in the fluid seas, you may wonder 

if there are tides in the fluid atmosphere and in the earth 
itself. There are. The earth is not completely rigid, but 
bends about like steel. The tide in the earth is about a 
foot high. The atmospheric tides are generally masked by 
other weather changes. However, at heights near a hundred 
miles where satellites have been placed, the thin atmosphere 
rises and falls considerably. 



Qt23 Why do we ccnsider the acceleration of 
the moon on the ground below a high tide 
to be the acceleration of the moon on 
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the earth's center ? 

Qt24 Why is there a high tide on the side of 
the earth away from the moon? 



I. As (K result op ihe work of f/ew&n oM Hcxlleu cornets were vecoaritzed 
as actUcd agronomical bodfes , ra^er lhaa ys^its fVwn Hea/en Xi/arruna 
cf Some ocSbuS^rof^ on ecorth . ^ 



S. hlewtdn used ifte law cf umirersai o^(x</itatidn id acoourit fbr coynefartA orBils 
which ar>e. q^eneraUi^ 0[iAte^ urifikc -ffe orhits of p/onefe- ^ 

^•^2 Comets . Comets , whose unexpected appearances had through 
antiquity and the Middle Ages been interpreted as omens of 
disaster, were shown by Halley and Newton to be nothing more 
than some sort of cloudy masses that moved around the sun 
according to Newton's Law of Gravitation. They found that 
most comets were visible only when closer to the sun than 
the distance of Jupiter. Several of the very bright comets 
were found to have orbits that took th*^ ^ ,idf» the 

orbit of Mercury to within a few millic .es of tne sun, 
as Fig. 8.12 indicates. Some of the orbits have eccentric- 
ities near 1.0 and are almost parabolas, and those :;omets have 
periods of thousands or even millions of years. Other faint 
comets have periods of only five to ten years. Unlike the 
planets, whose orbits are nearly in the plane of tK ecliptic, 
the planes of comet crbits are tilted at all angles to the 
ecliptic. In fact, about half of the long-period comets move 
in the direction opposite to the planetary motions.- 

Edmund Halley applied Newton's gravitational theory to 
the motion of bright comets. Among those he studied were 
the comets of 1531, 1607 and 1682 whose orbits he found to 
be very nearly the same. Halley suspected that these might 
be the same comet seen at intervals of about 75 years. If 
this were the same comet, it should return in about 1757 — as 



% 




Fig. 8.12 Schematic diagram of 
the orbit of a comet projected 
onto the ecliptic plane; comet 
orbits are tilted at all angles. 

Mc?KF ir^rmdidn can be -(omot 

Fig. 8.13 A scene from the 
Bayeux tapestry, which was em- 
broidered about 1070. The 
bright comet of 1066 can be seen 
at the top of the figure. This 
comet was later identified as 
being Halley's comet. At the 
right, Harold, pretender to the 
throne of England, is warned 
that the comet is an ill omen. 
Later that year at the Battle 
of Hastings Harold was defeated 



by William the Conqueror. 

'" Ihc^lbiiis of Comets^^ htA L. 3\' ermann g' "RVxea. Lust in O ctdbe^r , l1S€ Scierrb^io hfVfiT\cay\. 
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E \AodeL cf a Comet orBt 
A: Otfxe^r comeX tpHbSfe. 



Ask students what tti^m^entiai, yelootu a co^et v^u[d have 
Of: ve^o) lar^e distances from /fie iwn. 

^ ■ -H 4- M- ^ ^ ^ — after moving out to 35 times the earth's distance 

fbtriL out iha: line SiArx is (X ^ ^ , . . 

veriA Sma{{ Tame!: when viewed ^""^"^ '^'^^^ Halley's comet, due to be near the 

^rvm a distance^ of S&V&oA sun and bright again in 1985 or 1986. 
.\y\(kYedi Alts. TpiereC7ne,ev4^ ..... ..^ ^^^^.^.a c ^^ - 

hod(A -fe m^s fhe eun . 
^ctCCaUu^ \/&r{A wrxuswxk cork- 
(i(tidns^\A/cu\d^1x- required 
a bodiA jo Wit "tfoe Sun 
afl&r -faVi'fna iyi frvm a 
avad d&timc^e. 



See "Boy Who Redeemed His 
Father's Name** in Project Physics 
Reader 2> 



See "Great Comet of 1965** in 
Project Physics Reader 2 . 



mate dates of appearance could be traced back in history. 
In the records kept by Chinese and Japanese this comet has 
been identified at every expected appearance except one 
since 240 B.C. That the records of such a celestial event 
are incomplete in Europe is a sad commentary upon the in- 
terests and culture of Europe during the so-called "Dark 
Ages." One of the few European records of this comet is 
the famous Bayeux tapestry, embroidered with 72 scenes of 
the Norman Conquest of England in 1066, which shows the 
comet overhead and the populace cowering below (Fig. 8.13). 
A major triumph of Newtonian science was its use to explain 
comets, which for centuries had been frightening events. 



Q25 In what way did Halley's study of comets 
support Newton's theory? 



8. 



T2 



(8.8) 



By rearrangement, this becomes 

■ <»•'«' 

One. of -me ntorc^ exrcrf&ia 
disco)/eries iftdt: Comes cut of 
ihf5 dru^pter is ttiat keplers 
laws seen^ecf hoid fcr OiUA 
9\^^em where. swaU bodies ^ 
revolve ahot£ <k cen1ra( hodm^. 



sun 



^Sat 



Sat 



Sat 



Sat 



483,000,000 mi 
1,170,000 mi 



(8.11) 
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13 R elative masses of tne planets compared to the sun . The 
masses of the planets having satellites can be compared to 
the mass of the sun by the use of Eq. (8.8) even though we 
do not know the value of the Universal Gravitational Con- 
stant, G. This we can do by forming ratios involving the 
periods and distances of the planets around the sun and 
of satellites around the planets. As a start we rearrange 
Eq. (8.8) into the form of Eq. (8.10). This relates the 
period of a planet to its distance from the sun and the 
total mass of the sun plus planet, but the mass of the 
planet can be neglected. If we change the subscripts, this 
relation applies equally well to a planet P and one of its 
satellites. Sat. Then we may find the ratio of the mass 
of the sun to the mass of the planet: 



mass of the sun-planet pair 



P 

then 



16.71 d 
4,332 d 



1 

259 



sun ^ 7.05 X 10 
nip " 6.70 X lO' 

102 



4 = 1050. 



mass of the planet-satellite pair 



4Tr2' 




G 


Tp2 


'4Tr2' 


•'sat 3 


G 


T 2 




Sat 



The brackets cancel. After some rearrangement v;e have 



sun 



T n 
Sat 



Tp2 



3 n 



^Sat^ 



(8.11) 



Now, for example, we can determine the relative mass of 
Jupiter and the sun. We know the period T^. and the distance 
Rg between Jupiter and one of its satellites — Callisto, one 



of the Galilean satellites* Also we know the orbital period 
Tp and the distance Rp of Jupiter from the sun. Table 8.1 
presents the modern data. In the margin we have worked out 
the arithmetic. 

Table 8.1. Data on the Motion of Callisto around Jupiter, 
and on the Motion of Jupiter around the Sun. 

Object Period (T) , days Distance, R, miles US : rupte^ Sateilft^ Or6t 

Callisto 16.71 1,170,000 

Jupiter 4,332 483,000,000 

In this way Newton found the masses of Jupiter, Saturn 
and the earth compared to the sun's mass to be: 1/1067, 
1/3021 and 1/169,282. (The modern values are: 1/1048, 
1/3499 and 1/331,950.) Thus the application of gravita- 
tional theory permitted for the first time a determination 
of the relative masses of the sun and planets. 



SG 8 11 
SG 8 12 



Newton's relative value for the 
mass of the earth was in error 
because the distance from the 
earth to the sun was not accu- 
rately known. 

}iarlow Shapleu 



Qt26 Even though Newton did not know the value 
of Ci, how could he use Eq. (8.10), 

to derive relative masses of some planets 
compared to the sun? For which planets 



could he find such masses, in terms of 
the sun's mass? 

Q27 If the period of a satellite of Uranus 
is 1 day 10 hours and its mean distance 
from Uranus is 81,000 miles, what is the 
mass of Uranus compared to the sun's 
mass? 



The scope of the principle of universal gravitation . Al- Summaru ^.l/^ 

though Newton made numerous additional applications of his 'J^f^ve "fe ttifs YwWer Shot^ 

Law of Universal Gravitation, we cannot consider them in S^/yfXdvx^ 'it shoi/dci K?ot5c( 

detail here. He investigated the causes of the irregular Ift^t tf^B' SUCCeS? Op H€W(ci(l(<XVt 
motion of the moon and showed that its orbit would be con- 

tinually changing. As the moon moves around the earth, machine'' became. enhoAced 
the moon's distance from the sun changes continually. This ^ 3e^/eiof>mwt 

changes the net force of the earth and sun on the orbiting yXC^/y/ /7U?(tn^tTt^ttCCl( "tec^T- 

moon. Newton also showed that other changes in the moon's yXtqueS OU^td yvtaihodts cf 
motion occur because the earth is not a perfect sphere, ^^^^^^^^ ^ ^t^ci cxiso hlj 'HlB' 

but has an equatorial diameter 27 miles greater than the ihve^ibrx of th^Uinnoi^its 

. ^ , .... c^p^wle of nwarxcA \i\^ev^ 

diameter through the poles, Newton commented on the problem Yy\iaSiA:^C'^CJn!Cs 
of the moon^s motion that "the calculation of this motion is 
difficult." Even so, he obtained predicted values in reason- 
able agreement with the observed values available at his 
time. 

IPie chief source of cfruxnofaS 

Newton investigated the variations of gravity at different ^ i^i* W(tP\ IcCtitudc ]6 'tfte' 

latitudes on the bulging cind spinning earth. Also, from the Ce^iW^ip^tbdi OvCceiefvdlOt} . r\C^ 
differences in the rates at which pendulums swung at differ- 

jPie^ 5hape of Une earth. 

ent latitudes he was able to derive an approximate shape for 
the earth. 
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What Newton had done was to create a whole new quantita- 
tive approach to the study of astronomical motions. Because 
some of his predicted variations had not been observed, 
new improved instruments were built. These were needed 
anyway to improve the observations which could now be fit- 
ted together under the grand theory. Numerous new theoret- 
ical problems also needed attention. For example / what 
were the predicted and observed interactions of the planets 
upon their orbital motions? Although the planets are small 
compared to the sun and are very far apart, their inter- 
actions are enough so that masses can be found for Mercury, 
Venus and Pluto, which do not have satellites. As precise 
data have accumulated, the Newtonian theory has permitted 
calculations about the past and future states of the plan- 
etary system. For past and future intervals up to some 
hundreds of millions of years, when the extrapolation 
becomes fuzzy, the planetary system has been and will be 
about as it is now. 

Uytiy/'&tWii GytXVitdticn amazed Newton's contemporaries and increases our own 

admiration for him was not only the range and genius of his 
work in mechanics, not only the originality and elegance of 
his proofs, but also the detail with which he developed 
each idea. Having satisfied himself of the correctness of 
his principle of universal gravitation, he applied it to a 
wide range of terrestrial and celestial problems, with the 
result that it became more and more widely accepted. Remem- 
ber that a theory can never be completely proven; but it be- 
comes increasingly accepted as its usefulness is more widely 
shown. 



See "Universal Gravitation" in 
Project Physics Reader 2. 



QiAmmaxv^ Sec S IS 
i. TPie ma\or prvhlem -faoeci 
in irhz^ cfc^rrYMhcdidn of Ihe 
arp^/italtidmi c(x^nt G was 

wo smali bodies on earth. 

S. HesartA Cavmdjsh solved Urie 
-techw/co/ di^icudtlcs of swch 
M app/^aius at ihe end <f 

3. Affer ihe value of d Wxdi 
been d^mirxed ,-|^e actual 
mofss^s of Une^ eo/th^ sun, 
ynoon^ ayidi iPie ^{ayy^Ss 
oou\d be delGBrmined . 



The great power of the theory universal gravitation 
became even more apparent when others applied it to prob- 
lems which Newton had not considered. It took almost a 
century for science to comprehend, verify and round out his 
work. At the end of a second century (the late 1800's), it 
was still reasonable for leading scientists cuid philosophers 
to claim that most of what had been accomplished in the 
science of mechanics since Newton's day was but a develop- 
ment or application of his work. Thus, due to the work of 
Newton himself and of many scientists who followed him, the 
list of applications of the principle of universal gravita- 
tion is a lone one. 



028 What are some of the reasons which caused 
Newton to comment that "the calculation 
of the moon's motion is difficult"? (See 
Fig. 8.10.) 



Q29 What were some of the problems and ac- 
tions that needed further effort as a 
result of Newton's theory? 



actual masses of celestial bodies ♦ The full power of 
the Law of Oniversal Gravitation could be applied only after 
the numerical value of the proportionality constant G had 
been determined. As we noted earlier, although Newton 
understood the process for determining G experimentally, 
the actual determination had to await the invention of 
delicate instruments and special techniques. 

The procedure is simple enough: in the laboratory*, 

measure all of the quantities in the equation 

mim2 



F = G 
grav 



R2 



(8.4) 



except G, which can then be computed. The masses of small 
solid objects can be found easily enough from their weights. 
Furthermore, measuring the distance between solid objects of 
definite shape is not a problem. But how is one to measure 
the small gravitational force between relatively small objects 
in a laboratory when they are experiencing the large gravita- 
tional force of the earth? 

This serious technical problem of measurement was eventu- 
ally solved by the English scientist Henry Cavendish (1731- 
1810) . As a device for measuring gravitational forces he 
employed a torsion balance (Fig. 8.14), in which the force 
to be measured twists a wire. This force could be measured 
separately and the twist of the wire calibrated. ViU>s , in 
the Cavendish experiment the torsion balance allotted measure- 
ments of the very small gravitational forces exerted on two 
small masses by two larger ones. This experiment has been 
progressively improved, and today the accepted value of G is 

G-= .6.67 X 10-11 NmVkg2 

= 6.67 X io~ii mVkg-sec2. 

The gravitational forces between two 1-kg masses such as two 
quarts of milk one meter ^part is less than one ten-billiontft 
of a newtonl Evidently gravitation is a weak force which 
becomes important only when the mass is large . 

Once the value of G had been determined^ the actual masses 
of the earth, planets and sun could be found. Rearrangement 
of Eq. (8.9) leads to Eq. (8.12). Since the values of q, 
Rg and G are now known, the mass of the earth, m^, can be 
calculated. Substitute the numbers given in the margin into 
Eq. (8.12) and find the mass of the earth. 

Like other large numbers we have encountered, this one is 
difficult to comprehend. Since at most we can lift but: a 
few kilograms, we have nothing in our experience with which 
to compare the mass of the earth— or for that matter, the 

See M^asurhrK] Q> TFie Vcn 'ObUu B(perin\0rt 



film : 'Forces 




Fig. 8.14 Schematic diagram of 
the device used by CavenUish for 
determining the value of the 
gravitational constant, G. The 
large lead balls of masses Mi 
and M2 were brought close to 
the small lead balls of masses 
mj and The mutual gravita- 

tional attraction between 
and and between M 2 and m ^ 
caused the vertical wire to be 
twisted by a measurable amount.. 



To derive the gravitational 
force between two kilogram mas- 
ses , one meter apart; 

= 6.67 X io-nj%ij jl kfi x^l kfij 



6.67 X 10 



-1 1 



(8.9) 



(8.12) 



g = 9.80 m/sec2 
G « 6.67 X 10-^^ m^/kg sec^ 
Rp « 6.37 X 106 
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How to Find the Mass of a Double Star 

To do-nonstrate trio power of Neu-ton's 
lot us study a double star.- Vou 
can ev'cn clerivo its mass from your own 
< bservations . 

An interesting double stair of short 
period, \%-hich can be seen as a double 
star v;ith a six- inch telescope, is Kriiger 
00. The find-chart shov;s its location 
less tiian one degree south of tne variable 
star Delta Cephei in the northern sky. 

The sequential ohotogranhs (rig. 8.15), 
snared in proportion to their dates, 
show the double star on the right. An- 
other star, which 3ust happens to be in 
the line of sight, shov;s on the left. 
The pho tog r aph s show th e re vo 1 u t i on 
within the double-star system, which has 
a period of about 45 years. As you can 
see, the components were farthest apart, 
about 3.4 seconds of arc, in the mid- 
1940 's. The chart of the relative posi- 
tions of the two components (Fig. 8.16) 
shows that they will be closest together 
at 1.4 seconds of arc around 1971. The 
circles mark the center of mass of the 
two-star system. If you measure tlie 
direction and distance of one star rela- 
tive to the other at five-year intervals, 
you can nake a plot on graph paper ^^;hich 
shows the notion of one star relative to 
the other.. v;ould you expect this to be 
an ellipse? Should Kepler's Law of 
Areas apply? Does it? Have you assumed 
that the orbital plane is perpendicular 
to the line of sight? 



op double 5tar susf^ms ? 
Scf^. 1967 fhu^ios ieocher 

Vol 20 p.:i^ 



A finding chart for Kriiger 
60, with north upward, east 
to the left. 



ioV< 





Fig. 8.15 The or- 
bital and linear 
motions of the vis- 
ual binary, Kriiger 
60, are both shown 
in this chart, made 
up of photographs 
taken at Leander 
McCormick Observa- 
tory (1919 and 
1933) and at Sp'oul 
Observatory (1S38 
to 1965). 



The sequential pictures shov; that the 
center of mass of Kriiger 60 is drifting 
av;ay from the star at the left. If you 
were to extend the lines back to earlier 
dates, you would find that in the 1860 's 
Krdger 60 passed only 4 seconds of arc 
from that reference star. 
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ruger 60 relative to the 
ows that the stars do 
each other.. For most 
at great distances, this 
oper motion , is too 



ted. Kruger 60 is, how- 
nearby, only about 
ay. (This is the dis- 
Is in 1? years at 
per second.) The dis- 
0 is then: 



13 light-years 3.0 ^ 10'- m/sec 
^ 3.2 < lO'-' sec/yr. 



or 



or 



13 



8.7 



lOl 



10 A . U . 

(One vear contains about 3.2 ^ 10^ 



onds . 



One A.U.. is 1.5 



10 



1 1 



sec- 
meters . ) 



From the sequential photographs and 
the scale given there we can derive the 
change in distance of Kruger 60 from the 
comparison star between 1919 and 1965. 
From the photographs our measurements 
give the distances as 55 seconds of arc 
in 1919 and 99 seconds of arc in 1965. 
(One second of arc is the angle subtended 
by a unit length, perpendicular to the 
line of sight, at a distance of 
2.1 y 10^ of the units.) Thus the proper 
motion was 44 seconds in 46 years, very 
nearly 1.0 second of arc per year. This 
angle is about 1/2.1 k 10' of the dis- 
tance to the star. Then in one year the 
star moves 13 ^ 10^^ m/2.1 ^ lO'', or 
6.7 X 10^^ m/yr. In one second the 
component of the star's velocity vector 
across the sky is 1.9 > lO*" m, or its 
velocity perpendicular to the line of 
sight is 19 km/sec. Probably the star 
also has a component of motion along the 
line of sight, called the r adial vel ocity, 
but this must be found from another type 
of observation. 



Adapted from paper by James F. Wanner of the Sproiil Observatory, Swarthmore College, 
in Sky and Telescope . January 1967. 
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The masses of the two stars of Kriiger 
60 can bo found from the photogrt'phs 
shown in Fig. 8.15 and the application 
of Eq. (8.11). When we developed Rq. 
(8.11) we assumed that the mass of one 
body of each pair (sun-planet, or f lanet- 
satellite) was negligible. In the "iqua- 
tion the mass is actually the sun oi' the 
two, so for the double star we must 
write (mj + m;.) . Then we have 

(mi + m>) pair _ "^C ' 
m 



sun 



T 

pair 



pai] 



(8.r ) 

The arithmetic is greatly simplified 
if we take the periods in years and the 
distances in Astronomical Units (A. U.), 
which ar3 both unit for the earth. The 
period of Kriigcr 60 is about 45 years. 
The mean distance of the components can 
be found in seconds of arc from the dia- 
gram (Fig. 8.16). The mean separation is 

| max + min "! _ 3.4 s e conds + 1.4 s^ conds 
I 2 ^ 2 



4.8 seconds 



Earlier we found that the distance from 
the sun to the pair is near 
8.7 10^ A.U. Then the mean angular 
separation of 2.4 seconds equals 



2.4 X 8.7 < 10^ A.U. 
2.1 X 10*-^ 



2.4 seconds. ^^6* ^-^^ Kruger 60 *s components trace elliptical orbits, 

indie ited by dots, around their center of mass marked by 
circles. For the years 1932 to 1975, each dot is plotted 
on S'otember 1st. The outer circle is calibrated in 
degrees, so the position angle of the companion may be 
read directly, through t!ie next decade. 

So 'the masses of the two stars are in 
the ratio 1.7 : 1. Of the total mass of 
10 A.U., the pair, the less massive star has 



or the stars are separated by about the 
same distance as Saturn is from the sun. 
(We might have expected a result of this 
size because we know that the period of 
Saturn around the sun is 30 years.) 

Now, upon substituting the numbers 
into Eq. (8.11) we have: 



(m 



1 + m;>) pair _ /I " /10^ 



sun 



= = 0.50, 

or, the two stars together have about 
half the mass of the sun. 

We can even separate this mass into 
the two components. In the diagram of 
motions relative to the center of mass 
we see that one star has a smaller motion 
and we conclude that it must be more 
massive. For the positions of 1970 (or 
those observed a cycle earlier in 1925) 
the less massive star is 1.7 times farther 
than the other from the center of mass. 



2 +\,7 ^ 0*5 = 0.18 the mass of the sun, 

while the other star has 0.32 the mass 

of the sun. The more massive star is 

more than four tiiP2S brighter than the 

smaller star. JBoth stars are red dwarfs, 

less massive and considerably cooler 
than the sun. 

From many analyses of double stars as- 
tronomers have found that the mass of a 
star is related to its total light out- 
put, as shown in Fig. 8.17. 



SG 8.15 




Fig. 8.17 The mass-luminosity relation. The three 
points at the bottom represent white dwarf stars, 
which do not conform to the relation. 
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(8.10) 



very large masses we compute for other large bodies* Per- 
haps for this reason Cavendish preferred to give his 
result not as the mass of the earth but as the mass divided 
by its volume (known quite well from geographical surveys) . 
He concluded that the earth was 5.48 times as dense as water. 
It is a tribute to his experimental skill that his result 
is so close to the modern value of 5.52. 

This large density for the earth raised questions of very 
great interest to geologists. The average density of rock 
found in the crust of the earth is only about 2.7, and even 
the densest ores found rarely have densities greater than the 
earth's overall average. Since much mass must be somewhere, 
and it is not at the surface, apparently the material making 
up the core of the earth must be of much higher density than 
the surface material. Some increased density of deep rocks 
should be expected from the pressure of the upper layers of 
rock. But squeezing cannot account for most of the differ- 
ence. Therefore, the center of the earth must be composed 
of materials more dense than those at the surface and prob- 
ebly is composed mainly of one or more of the denser common 
elements. Iron and nickel are the most likely candidates, 
but geologists are also considering other alternatives. 

With the value of G known by experimenc we can also find 
the mass of the sun, or of any celestial object having some 
type of satellite. Once we know the value of G, we can stab- 
stitute numbers into Eq. (8.10) and find mg. In the case of 
the sun, the earth is the most convenient satellite to use 
for our computation. The earth's distance from the sun is 
1.50 X 10^ ^m, and its period is one year, or 3.16 x 10^ sec. 
We have already seen that G = 6.67 x lO"*!^ m3/kg*sec2. Upon 
sxibstituting these numbers in Eq. (8.10), we find the mass 



4tt^(1.50 X 10 ^^m) 



4ti^(1 50 X lo" )3 



(6.67 X 10"^^ mVkg 8ec2)(3.16 x 10^ sec)^ (6.67 xlo"^^)(3.16 x 10^)^ 



sec 



" 2.0 X 10^° kg 



of the sun to be 2.0 x 10^^ kg. Earlier we found that tne 
mass of the earth was about 6.0 x 102** kg. Tlas, the ratio 
of the mass of the sun to the mass of the earth is 

2 X 1030 y^cf 
6 X 102k kg ' 



which shows that the sun is 3.3 x lo^ (about a third of a 
million) times more massive than the earth. 
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This same procedure can be used to tint} the actual mass 
of any planet having a satellite. For planets not having 
satellites, their attraction on other planets can be used. 
But all methods rely at some point on the Law of Universal 
Gravitation. The masses of the sun, moon and planets rela- 
tive to the earth are listed in Table 8.2. Notice that the 
planets taken together add up to not much more than 1/lOOOth 
part of tne mass of the solar system. 



Wf: yUuyes A Sffu^Jx fiaok gf 
f^tUfsics ^ Yf, loS-'tU^i^ Harvard 

e^<perifr^t JThis p^^per 's9 -ftur/w 



Table 8.2 



The mass of the sun, moon, and planets relative to the 
mass of the earth* The earth's mass is approximately 
102^ kg. 



6.0 



Sun 


333,000.00 


Jupiter 


318. 


Moon 


0.012 


Saturn 


95. 


Mercury 


0.056 


Uranus 


14.6 


Venys 


0.82 


Neptune 


17.3 


Earth 


- 1.00 


Pluto 


0.8? 


Mars 


0.108 







See **Life Story of a Galaxy" 
in Project Physics Reader 2. 

See "Expansion of the Universe" 
in Project Physics Reader 2 . 

See "The Stars Within Twenty-two 
Light Years That Could Have 
Habitable Planets" In Project 
Physics Reader 2 . 



Q30 How was the value of G determined experi- 
mentally by Cavendish? 



(131 What geological problems result from the 
discovery that the mean density of the 
earth is 5*52? 




8*16 Beyond the solar system . We have seen how Newton's laws 

have been applied to explaining much about the earth ana the 
entire solar system. But now we turn to a new question. Do 
Ne\^7ton*s laws, which are so useful within the solar system, 
also apply at greater distances among the stars? 

Over the years following publication of the Principia 
several sets of. observations provided an answer to this im- 
portant question. At the time of the American Revolutionary 
War, William Herschel, a musician turned amateur astronomer 
was, with the help of his sister Caroline, making a remark- 
able series of observations of the sky through his home-made 
high-quality telescopes. While planning ho^ to measure the 
parallax due to the earth's motion around tne sun, he noted 
that sometimes one star had another star quite close. He 
suspected that some of these pairs might actually be double 
stars he^d together by their mutual gravitational attrac- 
tions rather than being just two stars in nearly the same 
line of sight. Continued observations of the directions 
and distances from one star to the other of the pair showed 
that in some cases one star moved during a few years in a 
small arc of a curved path around the other (see Fig. 8.18). 
When enough observations had been gathered, astronomers 
found that these double stars, far removed from the sun and 
planets, also moved around each other in accordance with 



Fig* 8 .IB The motion over many 
years of one component of a 
binary star system* Each circle 
indicates the average of observa- 
tions made over an entire year* 
Open circles designate the years 
1830-1873. Dark circles are 
used for the years after 1873* 



Suj {ASiYW\ AteiA/lms tow wwi - 
YersaS ^ we can 

wexa^Vi C ^ivvi /He mxsse^ of) 
douxAe, stars. 

See ''Space) The Unconquerable" 
In Project Physics Reader 2 . 
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Kepler's laws, and therefore in agreement with Newton's 
Law of Universal Gravitation. By the use of Eq. (8.11)/ 
p. 102, astronomers have found the masses of these stars 
range from about 0.1 to 50 times the sun's mass. 



Q32 In what ways has the study of double 

stars led to the conclusion that Newton's 



Law of Universal Gravitation applies be- 
tween stars? 



8.17 Some influences on Newton's work. The scientific output of 



Hake deonr HewtBn did 
Yi<K stench oLom, but, as he 
3d\dj okjtcuned his sucjoess 

''slfiruAtrm unpen Une 
Ghou\ders of^aiayis ^ "^e^ 
bade id "^ie Cweveiopmerit rrt 

of KKtm like Uei^n and 
Cioi'ileo id sijr^P^iz^ c^i^ria 
ideas ^ as well as crecXe. 
new we^. 

ffe (Mrfad& witti oUner 
5itM0fit(st§ , iA^ Ha((e<A amd Ham- 

o^iciaSkiA chartered ha Ktha 
Charles in Ibba. ) wcpe 



Newton and his influence on the science of his time were 
perhaps unequaled in the history of science. Hence, we 
should look at Newton as a person and wonder what personal 
attributes led to his remarkable scientific insight. He 
was a complicated, quiet bachelor intensely involved with 
his studies, curiously close to the usual stereotype of a 
genius, which is so often completely wrong. 

Newton was a man of his time and upbringing; some of his 
work dealt with what we today regard as pseudosciences. He 
had an early interest in astrology. He seems to have spent 
much time in his "laboratory," cooking potions that smelled 
more of alchemy than of chemistry. Yet in all his activities, 
he seems to have been guided and motivated by a search for 
simple underlying general principles and never for quick 
practical gains. 

Throughout the discussion above we have been mixing the 
physics of terrestrial bodies with the motions of celestial 
bodies, just as Newton did. Since the relationships could 
be verified, we truly have a synthesis of terrestrial and 
celestial physics of great power and generality. A brief 
reconsideration of Eq. (8.4) can remind us of the inclusive- 
ness of the results obtained. If we have 

Gmini2 



R2 



(8.4) 



grav 

and if G is actually a universal constant, we are able to 
derive, and therefore to understand better, many particulars 
that previously seemed separate. For example, we can con- 
clude : 

1. that g should be constant at a particular place on 
earth; 

2. that g might be different at places on earth at 
different distances from the earth's center, or at dif- 
ferent latitudes which have different velocities of 
daily rotation as the earth turns; 

3. that at the earth's surface the weight of a body must 
be related to its mass; 
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4. that Kepler's three Laws of Planetary Motion hold, 
and are interrelated; 

5. 'that oceanic tides are the result of the net attrac- 
tion of the sun and moon on the liquid waters. 

Throughout Newton's work is his belief that celestial 
phenomena are explainable by quantitative terrestrial laws. 
He felt that his laws had a physical meaning and were not 
just mathematical tricks or conveniences covering unknowable 
true laws. Just the opposite; the natural physical laws 
governing the universe were accessible to man, and the simple 
mathematical forms of the laws were evidence of their reality. 



Newton combined the skills and approaches of both the 
experimental and theoretical scientist. He made ingenious 
pieces of equipment, such as the first reflecting telescope, 
and performed skillful experiments, especially in optics. 
Yet he also applied his great mathematical and logical 
powers to the creation and analysis of theories to produce 
explicit, testable statements. 

Many of the concepts which Newton used came from his 
scientific predecessors and contemporaries. For example, 
Galileo and Descartes had contributea the first step to a 
proper idea of inertia, which became Newton's First Law of 
Motion, Kepler's planetary laws were central in Newton's 
consideration of planetary motions. Huygens, Hooke and 
others clarified the concepts of force and acceleration, 
ideas which had been evolving for centuries. 

In addition to his own experiments, he selected and used 
data from a great variety of sources. Tycho Brahe was only 
one of several astronomers whose observations of the moon's 
motion he used. When he could not carry out his own mea- 
surements, he knew whom to ask. 

Lastly, we must recall how fruitfully and exhaustively 
his own specific contributions were used and expanded 
throughout his work. For instance, in developing his 
Theory of Universal Gravitation, his Laws of Motion and his 
various mathematical inventions were used again and again. 
Yet Newton was modest about his achievements, and he once 
said that if he had seen further than others "it was by 
standing upon the shoulders of Giants." 



SiAynmartA Sec 8Xi 
I. Wewtt^ Success in physios 
led rrwst sdentsfe id view 
kicxtum( Y^ripnr^ena as mech- 
ay\ic4?li or machineiike . 

S(. TPirs wechawidio viewparit 
Ym<^^ (feelf feft in all aspecfe 
mans Kru>wlechfS'. 

3. JBt became evtderit j hij 

ceialui^^i^iat certain fhencm- 
encK could ¥Ut be sd:isfacbr\ltA 
exfiditxed bii ct HeM(bv{i6^a 
analijSi^ . Oi^ df e\A(M 
y9herK»>ienci c^?nxje»>i6 booties 
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atbmtlc^ amd Subatimio worlds. 



yiuitneiraus 'iheoriee ^itcinrijques, 
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aspect of oil science. 



033 What are some of the reasons that Newton 
is honored today? 



8.18 Newton's place in modern science . The success of Newtonian 
mechanics greatly influenced scientific and pnilosophical 
thought in the early eighteenth century. The new mechanistic 

Ifte^ impctct of i^e^A/tbnuxn mejchaAxos on ipie cAviliied \AAorld 
'a (X fasdSn^tfria areos. of st\AdiA wtucia can be lAsed ib litnk 
•tf^ie' jfM\js\cs cWe^ W'rftt oiheir^iAirses like hisfenj and lit&irrttu/e. 



L n : fbrfUrhaXtons 
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approach suggested that all observations could be interpreted 
in terms of mechanical theories. In economics, philosophy, 
religion and the developing "science of man," the successful 
approach of Newton and the Newtonians encouraged the rising 
Age of Reason, 

One consequence of the mechanistic attitude, lingering 
on to the present day, was a widespread belief that with 
Newton *s laws (and later similar ones for electrodynamics) 
the future of the whole universe and each of its parts 
could be predicted. One need know only the several posi- 
tions, velocities and accelerations of all particles at any 
one instant. As Kepler had suggested, the universe seemed 
to be a great clockwork. This was a veiled way of saying 
that everything worth knowing was understandable in terms 
of physics, and that all of physics had been discovered. 
As you will see later in this course, in the last hundred 
years scientists have been obliged to take a less certain 
position about their knov;ledye of the world* 

Today we honor Newtonian mechanics for less inclusive, but 
more valid reasons. The content of the Principia historically 
formed the basis for the development of much of our physics 
and technology. Also the success of Newton's approach to his 
problems provided a fruitful method which guided work in the 
physical sciences for the subsequent two centuries. 



You mojll^ wcxnt id enipkosize 
"ttie if^0mendMS impact Itztft 
#7e W^vvCKiiOn rnodel had opoM 

^'^l^W^.'TS PeS^piSft^^^^^^"^^^^"^^ science. For example, although 



We recognize now that Newton's mechanics holds only within 



the forces within each galaxy appear to be Newtonian, one can 
speculate that non-Newtonian forces operate between galaxies. 
At the other end of the scale, among atoms and subatomic 
particles, an entirely non-Newtonian set of concepts had 
to be developed to account for the observations. 

Even within the solar system, there are a few small resid- 
ual discrepancies between predictions and observations. The 
most famous is the too great angular motion of the perihelion 
of Mercury's orbit: Newtonian calculations differ from the 
observations by some 43 seconds of arc per century. 

Such difficulties cannot be traced to a small inaccuracy 
of the Law of Gravitation, which applies so well in thousands 
of other cases. > Instead, as in the case of the failure of 
the Copernican system to account accurately for the details 
of planetary motion, we must reconsider our assumptions. Out' 
of many studies has come the conclusion that Newtonian mechan- 
ics cannot be modified to explain certain observations. New- 
tonian science is joined at one end with relativity theory, 
which is important for bodies moving at high speeds. At the 
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A bird in flight and two interpreta- 
tions of flight: Constantin Brancusi's 
"Bird in Space" (Museum of Modern Art, 
New York, 1919) and the Wright Brothers* 
"Kitty Hawk" flight (1903). Analogous- 
ly, different theories may result from 
the different intentions of their ori- 
ginators. 



Predictions from theories may require new observations > 
These often require improvements in the precision of appara- 
tus, or the creation of new types of instriunents. The annual 
parallax of the stars predicted by Aristarchus could not be 
observed until telescopes were invented and developed so that 
very small angles could be measured reliably. 

Theories that have later been discarded may have been 
initially useful because they encouraged new observations . 
The idea that comets were some local phenomenon led Tycho 
to compare distant observations of the ^^irections to a 
comet. 

Theories that permit quantitative Predictions are 
preferred to qualitative theories . Aristotle's theories of 
motion explained in a rough way how bodies moved, but Gali- 
leo's theories were much more precise. The qualitative 
planetary theory of Tycho and Descarte's vortex theory of 
motion were interesting, but did not rely upon measurements. 

An "unwritten text" lies behind most terms in the 
seemingly simple statement of theories . For example, 
"force equals mass times acceleration" is a simple sen- 
tence. However, each word carries a specific meaning based 
on observations and definitions and other abstractions. 

Communication between scientists is essential . Sci- 
entific societies and their journals, as well as numerous 
international meetings, allow scientists to know of the 
work of others. The meetings and journals also provide 
for public presentations of criticisms and discussions. 
Aristarchus' heliocentric theory had few supporters for 
centuries, although later it influenced Copernicus who 
read of it in the Almagest . 

Some theories are so strange that they are accepted 
very slowly . The heliocentric theory was so different 
from our geocentric observations that many people were 
reluctant to accept the theory. Strange theories often 
involve novel assumptions which only a few men will at 
first be willing or able to consider seriously. Novelty 
or strangeness is, of course, no guarantee that a theory 
is important; many strange theories prove to be quite 
unuseful . 

In the making of a theory, or in its later description 
to others, models are often used as analogies . Physical 
models are most easily understood. The chemists' ball- 
models of atoms are an example. Similarly, a planetarium 
projects images of heavenly bodies and their motions. 
Thus models may reproduce some of the phenomena or suggest 
behaviors predicted by the theory. 



However, models are man-made and are not the real phe- 
nomena or the conceptions with which the theory deals in 
detail. Although models are often quite useful, they can 
also be misleading. They represent the theory only to the 
degree that the maker includes some aspects of what he is 
representing. A^jo, the maker may add other aspects which 
do not relate to the original, e.g. chemists' atoms do not 
have definite sizes like the balls do that serve as visual 
models . 

Other models may be st=atistical or mathematical. It is 
useful to consider all scientific theories as models which 
attempt to describe the suspected interworkings of some 
quantities abstracted from observations. 

The power of theories comes from their generality . 
Theories are distillates from many observations, empirical 
laws and definitions. The more precise a theory is, the 
better it will agree with specific observations. But most 
important is the usefulness of a theory in describing a 
wide range of observations and predicting quite new obser- 
vations. An aesthetic feeling of beauty and niceness, 
even of elegance is often stimulated bv a concise yet 
broadly inclusive theory. 




In areas other than science, conciseness and theory are used to achieve 
beauty and elegance. Even the gardens around this 17th-century French 
chateau reflect a preference for order. 
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Epilogue in this unit we have reached back to the begin- 
nings of recorded history to follow the attempt of men to 
explain the regular cyclic motions observed in the heavens. 
Our purposes were double: to examine with some care the dif- 
ficulties of changing from an earth-centered view of the 
heavens to one in which the earth came to be seen as just 
another planet moving around the sun. Also we wanted to put 
into perspective Newton's synthesis of earthly and heavenly 
motions. From time to time we have also suggested the im- 
pact of these new world views upon the general culture, at 
least of the educated people. We stressed that each con- 
tributor was a creature of his times, limited in the degree 
to which he could abandon the teachings on which he was 
raised, or could create or accept bold new ideas. Gradually 
through the successive work of many men over several genera- 
tions, a new way of looking at heavenly motions arose. This 
in turn opened new possibilities for even further new ideas, 
and the end is not in sight, 
see "An Appreciation of The • ^ - ^ ^ , 

Earth" in Project Physics Prominent in our study have been references to scientists 

Reader 2. in Greece, Egypt, Poland, Denmark, Austria, Italy and Eng- 

land. Each, as Newton said, stood on the shoulders of others. 
For each major success there are many lesser advances or, in- 
deed, failures. Thus we see science as a cumulative intel- 
lectual activity, not restricted by national boundaries or 
by time; nor is it inevitably and relentlessly successful, 
but it grows more as a forest grows, with unexpected changes 
in its different parts. 

- It must also be quite clear that the Newtonian synthesis 

did not end the effort, in many ways it only opened whole 
new lines of investigations, both theoretical and observa- 
tional. In f'ict, much of our present science and also our 
technology had its effective beginning with the work of 
Newton. New models, new mathematical tools and new self- 
confidence — sometimes misplaced, as in the study of the 
nature of light— encouraged those who followed to attack the 
new problems. A never-ending series of questions, answers 
and more questions was well launched. 

In the perspective of history it is intriguing to specu- 
late why Newton turned to astronomy. Perhaps it was in part 
because the motions of the planets had been a major and per- 
sistent problem for centuries. But at least some of his 
interest — and reason for success — lay in the fact that the 
heavenly bodies do not move like those on the earth. In the 
heavens there is no friction, or air resistance. Thus the 
possibility that a few simple mathematical relationships be- 
tween idealized factors could fit observations had its first 
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major application to conditions which were close to the 
idealized, simplified schemes — ^and it worked. Then scientists 
could return to earthly phenomena with renewed confidence 
that this line of attack could be profitable. We can wonder 
how mechanics would have developed if we lived on a cloud- 
bound planet from which the stars and planets were not 
visible. 

Among the many problems remaining after Newton's work was 
the study of objects interacting not by gravitational forces 
but by friction and collisions. Experiments were soon to 
raise questions about what aspects of moving bodies were 
really important. This led, as the next unit shows, to the 
identification of momentum and of kinetic energy, and then 
to a much broader view of the nature and importance of 
energy. Eventually from this line of study emerged other 
statements as grand as Newton's Universal Gravitation: the 
conservation laws on which so much of modern physics — and 
technology — is based, especially the part having to do with 
many interacting bodies making up a system. That account 
will be introduced in Unit 3, 
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Development of Equations in Chapter 8, 



grav 



r2 



initially an 
assumption 



(8,5) 



a = 



c " R ' 



but 



centripetal ac- 
celeration, from 
Unit 1 



V = 27rR/T , 



(8,1) F 



grav 
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Vis 

R2 



mp: 



m^ 



a conclusion 
from the defini- 
tion of force 



combines the two 
relations above 



, relation (8.2) 
restated as an 
equation by in- 
clusion of con- 
stant G 



mim2 

(8.4) F = G , Law of Universal 

r2 Gravitation for 



any two masses: 
mj / TCI2 • 



SG 8.14 



SG 8.17 



T 



hi 



and 

v2 = 4n2R2/T2 , 

SO 

(8.6) a^ = 4n2R/T2 , 

However, because 
F = ma , 



(8.7) F^ = ma^ 

c c 



= m47i2R/T2 , the' centripe- 
tal force 



Equate (8.3) and (8.7), 



^grav " ^c' 



(8.8) Tp2 = 



47t2 



Gm^ 



Rearrange (8.8) 



(8.9) 
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m^m 



= Weight 



mg 



G = 



or 



which becomes 



(8.10) .3=(ili)(^) 



(8.12) = 



Compare two exait^les of (8 ,10) 
for planet and satellite 



(8.11) 



m 
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sat 



Rp^ 



sat 
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8.1 If the velocity of a planet is greater 
at A than at B, where is the sun located? 
In what direction does the vector dif- 
ference of the velocities at A and B 
point? Sun \s lo\^jer fhcu^, IcwavvilPie Gu*^- 

8.2 a) Compare the force on the earth 
due to the sun's gravitational attrac- 
tion with the force on the sun due to 
the earth's gravitational attraction. 

Bc^uai and opf^fo^itjs^ 

b) If the mass of the sun is 
3.3 X 10^ X the mass of the earth, com- 
pare the acceleration of the sun toward 
the earth with the acceleration of the 
earth toward the sun. ac - 



8.3 



8.4 



8.5 



8.6 




Draw a rough graph of the weight of 
a 1-kilogram mass in terms of its dis- 
tance from the center of the earth. 
Take the radius of the earth as R and 
go out to 5R. Points at 2R, 3R, 4R, 
and 5R would be sufficient. Will the 
weight be zero at lOOR? At lOOOR? 

Two bodies^ A and B, are observed to 
be moving in circular orbits. The or- 
bital radius and period of body A are 
both twice those of body B. Could both 
bodies be moving around the sun? Ex- 
plain your conclusion, f^o, Discussion. 



a) At what point on an imaginary 
1^ line connecting the sun's center 

9k ^^^^ center of Jupiter would 
5^\0 spacecraft have no net force 

from these two bodies? 

b) How does the distance between 
this point and the center of 
Jupiter compare with the mean 
orbital radius of the orbit of 

Jupiter's outermost satellite 
(orbital radius = 2.37 x lo^ 
km) ? About ifte Scwie 

c) From your results in parts (a) 
Unsfahle - what peculiarities, if 

crhit. f would you expect to observe 

Z)iSGU5sio\ the satellite's motion? 

d) Would you expect to find a satel- 

lite even farther from Jupiter? 

A/a J^iscussioyi. 
8.10 If two planets in another solar sys- 
tem have the same average density, but 
the radius of one of them is twice that 
of the other: 

a) which one would have the greater 

surface gravitational pull? lamesfc 

b) what is the ratio between the 

surface gravitational strengths 
of the two planets? 5:( 
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If the radius of planet A's orbit is 
twice that of planet B's^ what is the 
ratio of (a) their periods , (b) their 
orbital speeds, (c) their accelerations 
toward the sun? l\^S'^Te, - ^-7/ Vg . a^^O.^a^. 

Two satellites revolve around differ- 
ent planets at the same distance, R. 
One satellite has a period three times 
that of the other. 



a) 
b) 



Which planet has the larger masslshar'^ 
What is the ratio of the masses ^^^n^ 
of the two planets?<?;l ScCfeMiTe 



8.12 



8.7 



At what altitude above the earth's 
surface would the acceleration due to 
gravity be 



Mars has two satellites / Phobos and 
Deimos — ^Fear and Panic. The inner one, 
Phobos, revolves at 5,800 miles from the 
center of Mars with a period of 7 hrs 
39 min. Jyom Mtv* fhohos Wimld riffe Irt wc^. 

a) Since the rotation period of Mars 

is 24 hrs 37 min, what can you 
conclude about the apparent mo- 
tion of Phobos as seen from Mars? 

b) What is the mass of Mars?^ ^^j^^^^g 

The shortest earth-Mars distance is 
about 56 X 10^ km; the shortest Mars- 
Jupiter distance is about 490 x lo^ km. 
The masses of these planets are as fol- 
lows : 



a) 
b) 
c) 



3/4 g? 0.15 eafS^ wJii (Q4^km) 
1/2 q? 0,4*1 earPi roM (ol^ookrr) 
1/4 g? Loo et^i^ vadii ^^i^oo km) 



Earth 

Mars 

Jupiter 



5.96 
6.58 
1.91 



102^ 
102 3 
1027 



kg 
kg 
kg . 
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a) What is the acceleration due to 
gravity on the moon's surface? [Hint: 
Equate the weight of any mass mj on the 
moon with the force exerted on it ac- 
cording to the universal Law of Gravita- 
tion.] The moon's radius is 1738 km* 
and its mass is 7.15 x io22 kg . l.5«?Kn/5;tfc* 

b) How much would a 72-kg astronaut 
weigh on the moon's surface? What would 
be his mass there? Ho dw^e Vi moss. 

Mass of Jupiter: 1.90 x io2 7 j^g^ 
Average distance from Jupiter to sun: 
7.78 X 10^ km. 



a) 



b) 
c) 



8.13 



When (under what conditions) do 
these "shortest" distances oc- 
cur? Z>(saAS^hii 

What is the gravitational force 
between the earth and Mars when 
they are closest together? Be- 
tween Jupiter and Mars? 

Do you expect the motion of Mars 
to be influenced more by the at- 
traction of the earth or of 
Jupiter? Jupiter 



Callisto, the second largest satellite 
Jupiter^ is observed to have a period 
revolution of 1.442 x 10^ sec. Its 
mean orbital radius is 1.87 x lO^ km. 
Using only these data and the value of 



of 
of 
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the Universal Gravitational Constant, 
calculate the mass of Jupiter. /.^4x fO^^ l<^. 

8.14 Making use of the expression ^ = 

which follows directly from the Law of 
Gravitation, show that the time taken 
per revolution by a satellite at a dis- 
tance R from the center of the earth is 



given by: 



Hint: make use of T = periv^on 



8.15 T^^o balls, each having a mass m, are 
separated by a distance r. Find the 
point which lies along the line joining 
their centers where the gravitational 
attractions cancel one another. 

a) What will happen to this point 

if both the balls are made twice 
their size? 'Tfje^ som^ pdtrft 

b) What will happen to this point if 

one of the balls is made twice 
as heavy as the other?-ff |,^( 

8.16 Mass of the moon: 7.18 x 10^2 kg 
Mass of the sun: 1.99 x 10^^ kg 
Mass of the earth: 5.96 x 10^^ kg 
Average distance 

from sun to 

earth: 1.495 x lo^ km 

Average distance 
from moon to 

earth: 3.84 x lo^ km. 

a) Derive the gravitational pull of 

the moon, and of the sun on the 
earth. F,^^ l.^xlO^H. F^-J.-SAxfO 

b) Does the sun or the moon have the 

greatest effect on the earth's 
tides? Can you explain this 
quantitative ly ? 

8.17 At the earth's surface, a 1-kg mass 
standard weighs 9.81 newtons. The Midas 
3 satellite launched July 27, 1964 or- 
bits in a nearly circular orbit 3,430 km 
above the earth's surface with a period 

of 161.5 minutes. What is the centripetal 
acceleration of the satellite? What is 
the condition for a circular orbit? 
(Remember, the radius of the satellite's 
orbit is the height above the ground 
plus the earth's radius.) 
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Answers to End of Section Questions 



c 



Chapter 5 



Your self-checking answers need not be as elaborate as these 
Qll 



Ql We conclude that the ancient peoples 
watched the skies from: cave paintings 
of star patterns, the orientation of the 
pyramids in Egypt, Stonehenge and similar 
structures in England, Scotland and 
France; the alignment of observing win- 
dows in buildings in Mexico and Peru. 
Written records were made in Babylon, 
Greece, Egypt, China since some centuries 
B.C. 

Q2 Calendars were needed for establishing 
the proper times for agricultural activ- 
ities and for religious rites. 

Q3 During one year the sun shows three 
motions: daily rising and setting, sea- 
sonal drift eastward among the stars, 
and seasonal north-south variation. 

Q4 The difference between the Gregorian 
calendar and the positions of the sun 
will add up to one day during an interval 
of 3,333 years. 

Q5 During a month, which begins with new 
moon, as the moon passes the sun, the 
moon continually moves eastward but not 
at an exactly even rate. The moon also 
moves north and south so that it is al- 
ways near the ecliptic. 

Q6 Usually when the moon passes the sun, 
or the direction opposite to the sun, 
the moon is north or south of the eclip- 
tic. Thus the moon's shadow misses the 
earth at new moon. Similarly, the moon 
moves above or below the earth's shadow 
at full moon. However, twice a year 
the moon is near the ecliptic at new and 
full moon. These are the times when 
eclipses of the sun and moon can occur. 

Q7 Mercury and Venus are always observed 
near the sun. They will be low in the 
west after sunset, or low in the east 
before sunrise. 

Q8 When in opposition a planet is opposite 
the sun. Therefore the planet would 
rise at sunset and be on the north-south 
line at midnight. 

Q9 Mercury and Venus show retrograde, 

that is, westward motion among the stars, 
after they have been farthest east of 
the sun and visible in the evening sky. 
At this time they are brightest, and 
nearest the earth. They are then moving 
between the earth and sun. 

QIO Mars, Jupiter and Saturn show retro- 
grade motion when they are near opposi- 
tion. 



The retrograde motion of Mars has the 
largest angular displacement, but the 
shortest period. Saturn has the longest 
period of the planets visible to the 
naked eye, but has the smallest angular 
displacement. The retrograde motion of 
Jupiter is intermediate in displacement 
and duration. 



Q12 Plato assumed that the motions of the 
planets could be described by some com- 
bination of uniform motions along cir- 
cles. He also assumed that the earth 
was at- the center of the largest circle 
for each planet. 

Q13 Our knowledge of Greek science, as 
well as that of every other ancient 
civilization, is incomplete because many 
of their written records have been 
destroyed by fire, weathering and decay. 
Yet each year new records are being un- 
earthed and deciphered. 

Q14 The Greeks around the time of Plato 
assumed that a theory should be ba^ed 
on self-evident propositions. Quantita- 
tive observations were rarely used as a 
basis for judging the usefulness of a 
theory. 

Q15 A geocentric system is an earth- 
centered system. It is also an observer- 
centered system, because as observers we 
are on the earth. 

Q16 The first solution to Plato's problem 
was made by Eudoxus. He described the 
planetary motions by a system of trans- 
parent crystalline spheres which turned 
at various rates around various axes. 

Q17 Aristarchus assumed that the earth 
rotated daily — which accounted for all 
the daily motions observed in the sky. 
He also assumed that the earth revolved 
around the sun — which accounted for the 
many annual changes observed in the sky. 

Q18 If the earth were moving around the 
sun, it would have a shorter period than 
would Mars, Jupiter and Saturn. When 
the earth moved between one of these 
planets and the sun (with the planet be- 
ing observed in opposition) , the earth 
would move faster than the planet. We 
would see the planet moving westward in 
the sky as retrograde motion. 

Q19 The distance between the earth and 
sun was known to be some millions of 
miles. If the earth revolved around the 
sun during a year, the direction to the 
stars should show an annual shift — the 
annual parallax. This was not observed 
until 1836 A.D. 
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Q20 Arir,tarchus was considered to be iin^ 
pious because he suggested that the earth, 
the abode of human life, might not be at 
the center of the universe. 

Q21 Ptolemy assumed: 1) that the heaven 
is spherical and rotates once each day 
around the earth, 2) that the earth is 
spherical, 3) that the earth is at the 
center of the heavens, 4) that the size 
of the earth is negligible in comparison 
to the distance to the stars, 5) that 
the earth has no motions, and 6) that 
uniform motion along circles is the 
proper behavior for celestial objects • 

Q22 If the earth rotated, Ptolemy argued 
that birds would be left behind and that 
great winds would continually blow from 
the east* 

Q23 The radii of the epicycles of Mars, 
Jupiter and Saturn must always be paral- 
lel to the line between the earth and 
sun. This also meant that each of these 
epicycles had a period of exactly one 
year. 

Q24 The Ptolemaic system was purely a 
mathematical model and probably no one 
believed it was a physical description. 

Q25 Ptolemy displaced the earth from the 
exact center of the universe with his 
equants and eccentrics. 

Q26 The Ptolemaic system survived because 
it predicted the positions of sun, moon 
and planets; because it agreed with the 
philosophical and theological doctrines 
and because it made sense, and it was 
not challenged by a better, simpler 
model. 



Q3 



Assumed by 



Ptolemy Copernicus 



a) The earth is Yes Yes 

spherical 

b) The earth is on- Yes Yes 

ly a point com- 
pared to the 
distances to 
the stars 

c) The heavens ro- Yes No 

tate daily 
around the 
earth 

d) The earth has No Yes 

one or more 
motions 

e) Heavenly motions Yes Yes 

are circular 

f) The observed No Yes 

retrograde 
motion of the 
planets results 
from the earth's 
motion around 
the sun 

Q4 Copernicus derived distances to the 
planetary orbits in terms of the earth's 
distance from the sun. He also derived 
periods for the planetary motions a- 
round the sun. So far as we know, 
Aristarchus did not develop his helio- 
centric theory to the point that he 
reached similar results. 

Q5 Copernicus argued that his heliocen- 
tric system was inherently simpler than 
the geocentric system of Ptolemy. 
Also, his results agreed at least as 
well as Ptolemy's with observations. 
Furthermore, Copernicus argued that his 
simple system reflected the mind of the 
Divine Architect. 



Chapter 6 

•Ql Copernicus rejected the use of 

equants because a planet moving on an 
equant did not move at a uniform angu- 
lar velocity around either the center 
of the equant or around the earth. This 
was essentially an aesthetic judgment. 

Q2 Apparently Copernicus meant that the 
sun was not exactly at the center of 
motion for any planet (he used eccen- 
trics) . Yet in general the sun was in 
the center of all the various planetary 
motions. 



Q6 The predictions made by both Ptolemy 
and Copernicus differ from observations 
by as much as 2 , four diameters of the 
moon. 

Q7 Copernicus argued that the distance 
to the stars must be veiry great because 
they showed no annual shift (parallax). 
But the distance reqinred to make the 
parallax unobservablo was enormously 
greater than people wanted to accept. 
That the predicted shift was not ob- 
served was weak evidence. Negative 
evidence is not veiry convincing even 
when there seem to be only two possible 
alternative conclusions • 
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Q8 Simple is a difficult word to inter- 
pret* The actual computational scheme 
required by the Copemican system was 
not simple, even though the general 
idea of a moving earth and a fixed sun 
seemed simple ♦ 

Q9 As the quotation from Francis Bacon 
indicates, the evidence did not permit 
a clear choice between the two possible 
explanations ♦ To many people the argu- 
ment seemed to be a tempest in a tea 
cup. 

QIO The major difference between the 
Ptolemaic and the Copemican systems 
was the assumption about the mobility 
of the earth: daily rotation and annual 
revolution about the sun. This was a 
difference in the frame of reference. 

Qll Because the astronomical interpreta- 
tions dealt with the structure of the 
whole universe, they overlapped with 
conclusions drawn from religious dis- 
cussions. The synthesis by Thomas 
Aquinas of Aristotelean science and 
Christian theology increased the diffi- 
culty of discussing one separately from 
the other. 

Q12 The Copemican system conflicted 

with the accepted frame of reference in 
which the earth was central and sta- . 
tionary. The distances which Coperni- 
cus derived for the separation of the 
planets from the sun implied that vast 
volumes of space might be empty. This 
conflicted with the old assumption that 
"nature abhors a vacuum. " 

Q13 Some conflicts between scientific 
theories and philosophical assumptions 
are: 

a) the earth appears to be very old 

although strict interpretation 
of Biblical statements lead to 
ages of only a few thousand 
years, less than those attribut- 
ed to ancient cities; 

b) the geological assumption of 

unif ormitarianism — slow changes 
throughout long times — conflict- 
ed with the assumption of abrupt 
changes in the earth's history 
from major floods, earthquakes, 
etc. ; 

c) the idea of slow genetic evolu- 

tion in biology clashed with the 
idea of a unique and recent 
creation of mankind; 

d) the astronomical conclusion that 

the earth was only one of sev- 
eral planets clashed with the 
assumption that the earth was 
created uniquely as the abode 
of human life. 



Q14 Copernicus brought to general atten- 
tion the possibility of a new explana- 
tion of the astronomical observations. 
This shift in assumptions permitted 
others — Kepler, Galileo and later 
Newton — to apply and expand the initial 
propositions of Copernicus. 

Q15 The Copemican system proposed that 
the earth was just one of many planets 
and was in no way uniquely created as 
the abode of life. Therefore, there 
might be life on other planets. 

Currently astronomers conclude that 
there might be some form of life on Mars 
or Venus. The other planets in our so- 
lar system seem to be too hot or too 
cold, or to have other conditions op- 
posed to life-as-we-know-it. There is 
now general agreement that many other 
stars probably have planets and that 
life might well exist on some of them. 
A clear distinction must be made be- 
tween some form of life and what we call 
intelligent life. Since the only means 
by which we could learn of any intelli- 
gent life on planets around other stars 
would be through radio signals, intelli- 
gent life means that the living orga- 
nisms would transmit strong radio signals. 
On earth this has been a possibility for 
less than half a century. Thus we have, 
in these terms, been "intelligent life" 
for only a few years. 

Q16 Tycho's observations of the new star 
and then of the comet of 1577 directed 
his attention to astronomical studies. 

Q17 Tycho's conclusions about the comet 
of 1577 were important because the com- 
et was shown to be an astronomical 
body — far beyond the moon. Also the 
comet moved erratically, unlike the 
planets, and seemed to go through the 
crystalline spheres of the Aristotelean 
explanation. 

Q18 Tycho's observatory was like a modern 
research institute because he devised 
new instruments and had craftsmen able 
to make them, he had a long-term observ- 
ing program, he included visitors from 
other places, and he worked up and pub- 
lished his results. 

Q19 The Bayeaux tapestry shows the people 
cowering below tne image of Halley's 
comet. Of^er pictures may show similar 
scenes. Many allusions to the dire ef- 
fects of comets appear in Shakespeare and 
other writers. 

Q20 For several months during 1909-1910 
Hal ley's comet moved westward — in retro- 
grade motion. Because it stayed near 
the ecliptic, we might suspect that its 
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orbital plane makes only a small angle 
with the earth's orbital plane (the 
ecliptic plane) . Whether the comet is 
moving in the direction of the planets 
or in the opposite direction is not 
clear. In Chapter 8 the motion of this 
comet is mentioned. Also there is an 
Optional Activity which leads to an 

explanation of the motion observed in 

1909-1910. 

Q21 Tycho made instruments larger and 
stronger. Also he introduced the use 
of finer scales so that fractions of 
degrees could be determined more accu- 
rately. 

Q22 Tycho corrected his observations for 
the effects of atmospheric refrc..tion. 
He established the amount of the cor- 
rections by long series of observations 
of objects at various angular distances 
above the horizon. 

Q23 The Tychonic system had some fea- 
tures of both the Ptolemaic and the 
Copernican systems. Tycho held the 
earth stationary, but had the planets 
revolving around the sun, which in turn 
revolved around the earth. 

Q24 Whether the Copernican system in its 
entirety could be interpreted as a 
"real" system of planetary paths in 
space is doubtful. If the minor cycles 
required to account for small observed 
variations were neglected, the major 
motions might be considered to repre- 
sent "real" orbits. Copernicus did not 
discuss this aspect of his system. 



Q4 First Kepler had to refine the orbit 
of the earth. Then he could use the 
earth's position to triangulate positions 
of Mars in its orbit. 

^5 Kepler discovered that the planets 
moved in planes which passed through 
the sun. This eliminated the necessity 
to consider the north-south motions of 
each planet separately from its eastward 
motion. 

Q6 Kepler's Law of Areas: the lino from 
the sun to the moving planet sweeps over 
areas that are proportional to the time 
intervals. 

Q7 Kepler noted the direction of Mars 
when it was in opposition. He knew that 
after 687 days Mars was at the same 
point in its orbit, but the earth was 
at a different place. By reversing the 
directions observed from the earth to 
Mars and to the sun, he could establish 
positions on the earth's orbit. 

Q8 The component of a planet's velocity 
perpendicular to the line from the sun 
to the planet changes inversely with 
the distance of the planet from the sun. 

Q9 When a circle is not viewed from 

directly above its center, it has an el- 
liptical shape. 

QlO Of the naked-eye planets which Tycho 
could observe. Mars has an orbit with 
the largest eccentricity • If the orbit 
of Mars was considerably less eccentric, 
Kepler would not have found that its 
orbit was an ellipse. He could not have 
found that any of the other orbits were 
ellipses. 



Chapter 7 



Ql Tycho became interested in Kepler 

through Kepler's book, in which he tried 
to explain the spacing of the planetary 
orbits by the use of geometrical solids. 

Q2 After some 70 attempts with circles, 
eccentrics and equants, Kepler still had 
a difference of 8' between his best pre- 
diction and Tycho 's observed positions 
for Mars. Kepler finally decided that 
no combination of circular motions would 
yield a solution. (He might have been 
wrong. ) 

Q3 Kepler used the observations made by 
Tycho Brahe. These were the most accu- 
rate astronomical observations made up 
to that time. 



Qll Kepler knew that after 687 days Mars 
had returned to the same point in its 
orbit. Observations from the earth at 
intervals of 687 days provided sight- 
lines which crossed at the position of 
Mars on its orbit; 

Q12 Kepler's Law of Periods: the squares 
of the periods of the planets are pro- 
portional to the cubes of their mean dis- 
tances from the sun. If the distance or 
period of a planet is known, the other 
value can be computed . 

Q13 Kepler compared the "celestial ma- 
chine" to a gigantic clockwork. 

Q14 Kepler's reference to a "clockwork" 
is significant because it suggests a 
"world machine." This idea was developed 
as a result of Newton's studies. 
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owners too. pernaps you will come to agree that "there is 
nothing more practical than a good theory." 

A theory is a general statement relating selected aspects 
of many observations. A theory: 

!• should summarize and not conflict with a body of 
tested observations . Examples: Tycho's dissatisfaction 
with the inaccuracy of the Ptolemaic system, Kepler's 
unwillingness to explain away the aifference of eight 
minutes of arc between bi.s predictions and Tycho's obser- 
vations . 



2. should permit predictions of new observations which 
can be made naturally or arranged in the laboratory . Ex- 
amples: Aristarchus* prediction of an annual parallax of 
the stars, Galileo's predictions of projectile motions 
and Halley's application of Newton's theory to the motions 
of comets. 

3. should be consistent with other theories. 



ocre. ibo ceritftxi "fo Hae fMypase 
op iiie entire course, -for us t& 
cm? (oter 1hem self evid&rit tb 
#W ^ufih ecteiu ^ 7^ bdsis* 
dp Une lext. "Tfe^ nu^ he 
duscu^»^ in c\ass artd Uluelra- 
fed b(j Bpeciftc ex-amptoc. 

Ifiis se^on wi(( be brttfer 
Undergbod as iPie students: 
loorvx more phiAStcal 
Example: New- (ond SO sh^Ui be 
ton's unification of the earlier work of Galileo and of Keplery^f^^ fcack g ) . If ptw'^bfe^ 
However, sometimes new theories are in conflict with others, e^^^^nd 1ttc cbscass«<^ Op ffieony 
as for example, the geocentric and heliocentric theories of mokinaj \irib €^net^ -pteldS' 
the planetary system. bi^M j> cheniistrV) , Oitcha^olo^ijy 

'^onc^ytics^ and Soc'iC^oofJ^, 

Every theory involves assumptions. The most basic are 
those of Newton's Rules of Reasoning, which express a faith in 
the stability of things and events we observe. Without such 
an assumption the world is just a series of happenings which 
have no common elements. In such a world the gods and god- 
desses of Greek mythology, or fate, or luck prevent us from 
finding any regularity and bases for predictions of what 
will happen in similar circumstances- 
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Q15 According to the Ptolemaic theory 
Venus was always between the earth and 
the sun. Therefore, it should always 
show a crescent shape. However, Galileo 
observea that it showed all phases, like 
the moon. Therefore, to show full -phase 
Venus had to pass behind the sun. Such 
positions for Venus were consistent with 
either the heliocentric or the Tychonic 
system. 

Q16 With the telescope Galileo discovered 
the phases of Venus — which were contrary 
to the Ptolemaic system. He also dis- 
covered thj system of satellites around 
Jupiter — a miniature Copernican system, 
but NOT around the earth or the sun. 
Thus the earth was not the only possible 
center of motion, as the Ptolemaeans had 
contended. Galileo's telescopic obser- 
vations of the moon, the sun, Saturn and 
the stars were interesting, but not 
critically related to the heliocentric 
model . 

Q17 Galileo's observation of the satel- 
lites of Jupiter showed that there could 
be motions around centers other than the 
earth. This contradicted basic assump- 
tions in the physics of Aristotle and 
the astronomy of Ptolemy. Galileo was 
encouraged to continue and sharpened his 
attacks on those earlier theories. 

'318 Kepler and Galileo emphasized the im- 
portance of observations as the raw ma- 
terial which must be explained by 
theories. 

Q19 Galileo was said to be impious. Also 
he was sharp in his criticisms of others 
and often used ridicule. Officially he 
was tried for breaking his agreement not 
to support the Copernican system as really 



Q3 Newton said that he was "contemplative" 
when he saw the apple fall. He wondered 
about what he saw and began to seek for 
explanations . 



Q4 



You write your own answer to this one. 



The Principia was originally written 
in Latin. Even the translations are 
difficult to read because Newton adopted 
a very mathematical style with complicated 
geometrical proofs. 



Q6 



a) Orbits are ellipses + Newtonian 
inertia — > there is a net force actinc 



b) Step (a) + Kepler's Law of Areas 
around sun + Newton's Law of Areas around 
center of force — > sun must be at t he 
center of force . " 

c) For elliptical orbits (or any conic 
section) around sun at one focus, F « 
1/r2 . 

d) F « 1/r2 — > ? Law of Periods. 
Yes, only this force law will satisfy 
Kepler's Law of Periods . 

Q7 Kepler's Law of Areas is satisfied by 
any central force when the areas are 
measured from the center of force. 



Q8 



Only Kepler's Law of Periods provides 
information about the behavior of planets 
which have different mean distances from 
the sun. Their motions allow us to study 
how the gravitational force from the sun 
changes with distance. 

Q9 The derivation assumed that: a) Gali- 
leo's law of acceleration applied to 
planetary motions as well as to falling 
stones; b) that the strenath of the 



a partial list ot operations m theory making should help 
you examine other theories which appear in later parts of 
this course. Do not attempt to memorize this list. 

Observations are focused only upon selected aspects of 
the phenomena * Our interest centers upon the general ques- 
tion: "In what way do the initial conditions result in this 
reaction?" For example, Galileo asked, "How can I describe 
the motion of a falling body?" 

A theory relates many selected observations . A pile 
of observations is not a theory. Tycho's observations 
were not a theory, but were the raw material from which 
one or more theories could be made. 

Thaories often involve abstract concepts derived from 
observations . Velocity is difficult to observe directly, 
but can be found by comparing observations of time and 
position. Similarly, acceleration is difficult to measure 
directly, but can be found from other observed quantities. 
Such abstractions, sometimes called "constructs," are 
created by scientists as useful ideas which simplify and 
unite many observations. 

Empirical laws organize many observations and reveal 
how changes in one quantity vary with changes in another . 
Examples are Kepler's three laws and Galileo's description 
of the acceleration of falling bodies. 

Theories never fit exactly with observations . The 
factors in a theory are simplifications or idealizations; 
conversely, a theory may neglect many known and perhaps 
other unknown variables* Galileo's theory of projectile 
motion neglected air resistance. 



rise with it — that is, we see only the 
change in the stone's position; also 2) 
the mass of the stone is so minute com- 
pared to the mass of the earth that the 
motion of the earth would be undetectable. 

The Constant of Universal Gravitation, 
G, is a number by which we can equate 
observed accelerations (and forces) with 
the masses and distances supposedly re- 
sponsible for those accelerations. So 
far as we can tell, the value of G does 
not change with position in the universe 
or with the passage of time. 

A universal law, like any other sci- 
entific law, can be tested only in a 
limited number of cases. The more varied 
the cases are, the more confident we can 
be about the usefulness of the law. 

A mass point is a concept by which we 
consider all the mass of a spherical 
homogeneous body to be concentrated at 
the center of the body. 

Even though Newton did not know the 
value of G, he could form ratios of 
quantities with the result that the 
value of G would cancel between the nu- 
merator and the denominator. Thus Newton 
could obtain relative masses of the plan- 
ets and the sun* 

Newton concluded that the moon was ac- 
celerated toward the earth just as an 
apple was* He compared the observed and 
computed accelerations of the moon and 
found that "they agreed tolerably well*" 

Newton, like other scientists, could 
think up many possible explanations for 
what is observed* Numerical results in- 
dicate whether or not the ideas fit rea- 



earth* It also depends upon elevation, 
or distance from the earth's center. 
Local variations in the materials of the 
rocks, the presence of nearby canyons or 
peaks and other variations also affect 
the value of g at a particular point. 
But if g is constant at a point, then G 
is also constant. 

Q23 We consider the solid earth to be a 
mass point responding all over to the 
moon's attraction at the earth's center. 
Although the solid earth bends a bit 
under the differences in the moon's at- 
tractions on the near and far sides, 
this change is much less than the effects 
of the moon's pull on the fluid waters, 
which move readily under the moon's 
changing attraction* 

Q24 On the side of the earth away from 
the moon, the attraction of the moon is 
less than it is upon the center of the 
solid earth. As a result, the earth is 
pulled away from the fluid water on the 
side away from the moon and there is a 
net force away from the moon* 

Q25 Newton had explained the motions of 
the planets, which moved in nearly cir- 
cular orbits* Halley then showed that 
the same force laws would explain the 
motions of comets, which previously had 
been considered as unexplainable . Some 
of the comets, moving in very elongated 
ellipses, even had periods not much 
greater than Saturn (30 years). 

Q26 By forming ratios of two expressions 
like Eq. (8*10), Newton could compare 
the masses of the sun and each planet 
which had a satellite of known period. 
These planets were, in Newton's time, 
the earth, Jupiter and Saturn. 



= |4.62 X lO'^Y [^2.20 X lo'^j 
= 21.3 X lO'^^O X 10.65 X 10^2 
= 22.700. 



for gravitation and other "actions at a 
distance'' became an important problem. 
Scientists felt confident that their 
observations were revealing a "real 
world" which could be explained in terms 
of mechanical systems. 



Since the mass of the sun is 332,000 
times the mass of the earth, 



Uranus 332,000 
"earth ^ ^2,700 



= 14.6. 



Q28 The moon's orbit around the earth is 
somewhat eccentric {e = 0.055)-. During 
its cycles of the earth, the moon's 
distance from the sun rlso changes. As 
a result the accelerations on the moon 
and therefore the orbit of the moon 
change continuously. This is an example 
of the "three-body" problem for which 
no general solution has yet been devel- 
oped . 

Q29 Following Newton's work careful ob- 
servations were needed to determine the 
magnitude of many small variations which 
his theory predicted. Also the general 
problem of the interactions between the 
planets had to be worked out. 

Q30 Cavendish used a torsion balance to 
pleasure the gravitational attraction be- 
tween metal spheres. 
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Q33 



Q34 



Geologists and astronomers were obliged 
to explain how the mean density of the 
earth could be 5.52, which is much greater 
than the density of surface rocks. Ap- 
parently the earth has a central core of 
high density. 

The motions of double stars can be ex- 
plained quantitatively by Newton's 
Theory of Gravitation. Apparently the 
gravitational force between such stars 
is identical to that between the sun and 
planets . 

Newton is honored today for his de- 
velopment of the Theory of Universal 
Gravitation, for his development of the 
mathematics called the infinitesimal 
calculus, for his work in optics, for 
his creation of the f' t reflecting 
telescope, and for his ervices to the 
Royal Society and to his national govern- 
ment. 

After Newton the idea of a great 
World Machine was widely* accepted for 
several hundred years. More emphasis 
v/as put upon precise observations to de- 
termine the rate at which various pre- 
dicted changes occurred. How to account 
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Brief Answers to Study Guide 
Chapter 5 

5.1 Discussion 

5.2 Discussion 

5.3 Discussion 

5 .4 Discussion 



Chapter 6 

6.1 (a) (b) Discussion 

(c) 87.5 days 

(d) Discussion 

(e) 224 days 

Chapter 7 

7.1 89.5 years 

7.2 (a) 18 A.u. 

(b) 1.8 A.u. 

(c) 0.053 

7.3 4% 

7.4 249 years 

7.5 0.594 

7.6 Discussion 



Chapter 8 

8.1 Upper focus 

8.2 3 X 10-^ 

8.3 An activity 

8.4 No 

8.5 (a) 2.8 

(b) 0.71 

(c) 0.25 



8.6 (a) Shorter period 
(b) 9:1 

8.7 (a) 0.15 

(b) 0.41 

(c) 1.00 

8.8 (a) 1.58 m/sec2 
(b) 114 N 

8.9 (a) 2.33 x lo^ km 

7.55 X 10 8 km 

(b) About the same 

(c) Discussion 

(d) No 

8.10 (a) Larger one 
(b) 2:1 

8.11 (a) Discussion 
(b) 6.7 X 1023 kg 

8.12 (a) Discussion 

(b) 8.3 X iQi N 
. 3,. 5 X 10^7 

(c) Discussion 

8.13 1.86 X 1027 j^g 

8.14 Derivation 

8.15 (a) The same point 
(b) 1.41 

8.16 (a) 1.93 X 1020 ^ 

3.52 X 1022 
(b) Discussion 

8.17 (a) 4.2 m/sec2 
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Glossary 



The following Is a list of words that appear In the text, but which may not be familiar to the average 
reader. 



action at a distance. The process In which one 
body exerts a force on another without any 
direct or Indirect physical contact between 
the two., 

angular altitude. The angle measured In degrees 
that a star, planet, the sun or the moon 
appears above the horizontal. 

angular motion. The orbital motion of a planet, 
satellite or star, measured In degrees per 
unit time. 

angular size. The angle subtended by an object* 
For Instance, the sun, the moon and your 
thumbnail at arm's length have about the 
same angular size. 

aphelion. The point of an orbit that Is furthest 
from the sun. 

arc length. The distance along an arc or orbit. 

astrology. The study of the supposed Influences 
of the stars and planets on human affairs 
(e.g., horoscopes). 

Astronomical Unit (A.U.). The average distance 
between the earth and the sun. 

atmospheric refraction. The bending of light 
rays that occurs when light enters the 
atmosphere at an acute angle. 

cause. An event or relationship that Is always 
followed by another particular event or re- 
lationship; the absence of the first Implies 
the absence of the second, all other con* 
dltlons being equal. 

celestial. Of the sky or the heavens. 

celestial equator. The great circle formed by 

the Intersection of the plane of the earth's 
equator with the celestial sphere. 

celestial sphere. The Imaginary spherical shell 
containing the stars and having the earth 
as a center. 

center of motion (or force). The point toward 
which an orbiting body Is accelerated by a 
central force; the point toward which a 
central force Is everywhere directed. 

central force. A force that Is always directed 
towards a particular point, called the 
center of force. 



centripetal acceleration. Acceleration of an 
orbiting body toward the center of force. 

comet. A luminous celestial body of Irregular 
shape having an elongated orbit about the 
sun. 

conic section. Any figure that Is the total In* 
ter sect Ion of a plane and a cone. The four 
types are the circle, ellipse, parabola 
and hyperbola. 

Constant of Universal Gravitation (G). The con* 
stant of proportionality between the 
gravitational force between two masses, and 
the product of the masses divided by the 
square o£ the distance of separation. (See 
also gravitation . ) 

constellation. One of eighty-eight regions of 
the sky; the star pattern In such a region. 

cyclic variation. A change or process of change 
that occurs In cycles. I.e., that repeats 
Itself after a fixed period of time, such as 
the phases of the moon. 

deferent. The circle along which the center of 
an epicycle moves. 

density. Mass per unit volume. 

double star. A pair of stars that are relatively 
close together and In orbit about each other. 

eccentric. A circular orbit with the earth dis- 
placed from the center, but on which the 
orbiting body moves with constant velocity. 

eclipse. The shadowing of one celestial body by 
another: the moon by the earth, the sun by 
the moon. 

ecliptic. The yearly path of the sun against the 
background of stars. It forms a great cir- 
cle on the celestial sphere. 

ellipse. A closed plane curve generated by a 

point moving In such a way that the sums of 
Its distances from two fixed points Is a 
constant. The two points are called the 
foci of the ellipse. If the two points are 
the same, then the figure Is a circle, and 
the foci are Its center. 

empirical. Based on observation or sense experi- 
ence. 
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empirical law. A statement that concisely sum- 
marizes a set of experimental data or ob- 
servations. Example: Kepler's Law of 
Areas . 

epicycle. Part of the geometrical construction 
formerly used to describe the motions of 
celestial bodies; it is the small circle 
whose center moves along the deferent. 

equant. A circle on which the orbiting body 

moves with constant angular velocity about 
a point different from the center of the 
circle, and such that the center of the 
circle is midway between that point and 
the earth* 

equatorial bulge. The bulging of a planet or 
star at its equator, due to the flattening 
effect of the body's rotation. 

equinox. A time when the sun's path crosses the 
plane of the earth's equator. The vernal 
equinox occurs on approximately March 21, 
the autumnal equinox on approximately Sep- 
tember 22. 

essences. The four basic elements thought by 
the Greeks to compose all materials found 
on the earth. They are: earth, water, 
air and fire. 

experimental philosophy. The term formerly used 
for experimental science : the systematic 
study of the external world based on ob- 
servation and experiment. 

focus. (See ellipse.) 

frame of reference. The coordinate system, or 
pattern of objects, used to describe a 
position or motion. 

geocentric. Having the earth as a center. 

geologist. One who studies the material com- 
position of the earth and its changes, both 
past and present. 

gravitation. The attractive force that every 
pair of masses exerts on each other. Its 
magnitude is proportional to the product of 
the two masses and inversely proportional 
to the square of the distance between them. 

gravity. The gravitational force exerted by the 
earth on terrestrial bodies; gravitation in 
general* 

Halley's comet. A very bright comet, whose or- 
bital period (about 75 years) was first 
discovered by the astronomer Edmund Halley. 

heliocentric. Having the sun (helios) as a ce- 
ter. 



hypothesis. An idea that is tentatively pro- 
posed as a basis for a theory; a statement 
that is not yet accepted as true, because 
either it has not been proven for enough 
cases, or it fails to explain all the ob- 
served phenomena. 

interaction. Action on each other, such as by 
a mutual attractive force, or a collision. 

inverse-square force. A central force whose 
magnitude at any point is inversely pro- 
portional to the square of the distance of 
that point from the force center. 

law. A prediction that under specified circum- 
stances, a certain event '> 11 always occur,, 
or a certain relationship will be true. 

light year. The distance traveled by a ray of 
light in one year (about 5.88 x 10^^ mi.) 

mass-point. The center of gravitational force 
of an object with mass. (See center of 
force. ) 

model. A combination of physical or mathematical 
devices that represents and suggests an 
explanation^ for the behavior of some actual 
physical system. Synonym: mechanism. 

natural motion. The Aristotelian concept that 
objects have a motion that is a property of 
the object itself and therefore the natural 
way in which the object moves. For example, 
the Aristotelians thought that the sun*s 
natural motion was to revolve daily about 
the earth, that the natural motion of fire 
was to rise, of earth, to fall. 

natural place. The concept in Aristotelian sci- 
ence that every object has a particular 
location where it belongs, and that if an 
object is removed from this pvoper loca- 
tion, it will tend to move back there. Thus 
gravity was explained by saying that objects 
fall to the surface of the earth because 
this is their natural place. 

Newtonian synthesis. Newton's system of mechan- 
ics » which proposed that the same laws 
govern both terrestrial and celestial mo- 
tions. 

North Celestial Pole. An imaginary point on the 
celestial sphere about which the stars ap- 
pear (to an observer in the northern hemi- 
sphere) to rotate. This apparent rotation 
is due to the rotation of the earth. 

occult quality. A physical property or cause 

that is hidden from view, mysterious or un- 
discoverable, but whose existence is assumed 
in order to explain certain observed ef- 
fects. 
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opposition. The moment when a body Is opposite 
the sun In the sky, I.e., when the earth Is 
between that body and the sun, and lies on 
the line joining them. 

orb. A sphere; usually refers to the Imaginary 
crystalline spheres formerly thought to 
move the pltinats. Synonym: spherical shell. 

orbit. The path of a celestial body that is re- 
volving about some other body. 

pantheism. The belief that God Is the same as 
nature or the physical universe. 

parallactic shift. The quantity of apparent 
change In position of an object due to a 
change In position of the observer. (See 
parallax .) 

parallax. The apparent displacement of an ob- 
ject due to a change in position of the 
observer. 

perihelion. The point of an orbit that is 
nearest the sun. 

period. The time taken by a celestial object to 
go once completely around Ics orbit. 

perspective geometry. The study of how three- 
dimensional objects In space appear when 
projected onto a plane. 

phases of the moon. The variations of the ob- 
served shape of the sunlit portion of the 
moon during one complete revolution of the 
moon about the earth. 

phenomenon. An observed, or observable event. 

physical cause. An action of one body on another 
by direct or Indirect physical contact. 

Principle of Parsimony. Newton's first "Rule of 
Reasoning" for framing hypotheses, which 
asserts that nature Is essentially simple 
In Its processes, and therefore that the 
hypothesis that explains the facts In the 
simplest manner Is the "truest" hypothesis. 

Principles of Unity. Newton's second and third 
"Rules of Reasoning," which assert that 
similar effects have similar causes, and 
that If every experiment confirms a certain 
hypothesis ) then It Is reasonable to assume 
that the hypothesis Is true universally. 

quadrant. A device for measuring the angular 
separation between stars, as viewed from 
the earth. 

qualitative. Pertaining to descriptive qualities 
of an object, texture, color, etc. 



quantitative. Involving numbers, or properties 
and relationships that can be measured i)r 
defined numerically. Weight Is a quantita- 
tive property of an object, but texture Is 
not. 

quintessence. The fifth basic element or "es- 
sence" In the Greek theory of materials, 
supposed to be the material of which all 
celestial objects are composed. 

regular geometrical solid. A three-dimensional 
closed figure whose surface is made up of 
Identical regular plane polygons. 

retrograde motion. The apparent backward (i.e., 
westward) motion of a planet against the 
background of stars that occurs periodical- 
ly. 

satellite. A small body that revolves around a 
planet (such as the moon around the earth). 

Scholastics. Persons who studied and taught a 
very formal system of knowledge in the 
Middle Ages, which based truth on authority 
(the teachings of Aristotle and the Church 
fathers), rather than on observation. 

solar year. The Interval of time between two 
successive passages of the sun through the 
vernal equinox. 

statistics. The study dealing with the classifi- 
cation and Interpretation of numerical data. 

sun-spots. Relatively dark spots that appear 
periodically on the surface of the sun. 
They are presumably caused by unusually 
turbulent g^ses that erupt from the sun's 
Interior, and cool rapidly as they reach 
the surface, which causes them to appear 
darker than the surrounding solar matter. 

systematic error. Error Introduced Into a mea- 
surement (e.g., by Inaccuracies In the 
construction or use of the measuring equip- 
ment), whose effect Is to make the measured 
values consistently higher or lower than the 
actual value. 

terrestrial. Pertaining to the earth, or 
earthly. 

theory. A system of Ideas that relates, or sug- 
gests a causal connection between certain 
phenomena In the external world. (See 
cause.) 

torsion balance. An Instrument which measures 
very small forces by determining the amount 
of twisting they cause In a slender wire. 
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Acceleration, 82, 90, 98-100 

centripetal, 97 
Action at a distance, 91 
Age of Reason, 5 
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Almagest . 18, 19, 20, 29, 41, 116 
Aphelion distance, defined, 56 
Aphelion point, 59, 60 

defined, 56 

Aristarchus, 16, 18, 19, 30, 35, 36, 113, 116 

arguments against, 17 
Aristotle, 3, 15, 16, 18, 19, 46, 63, 64, 69 
Aquinas, Thomas, 3, 14, 25, 70 
Astrology, 110 
Astronomia Nova . 50ff, 60 
Astronomical unit (A.U,), 32, 61 

defined, 31 

Babylonians, 2, 7 
Bayeaux tapestry, 101 
Bible, 37, 39, 71 
Black Plague, 78 
Brahe, Tycho, see Tycho 

Calendar, 20 
Babylonian, 7 
Gregorian, 8 
Julian, 8 

of primitive tribes, 1 
Causal explanations, 58 
Cavendish, Henry, 105 
Central force, 82, 88 
Centripetal 

acceleration, 97 

force, 98 
Chase problem, 31-32 
"Clockwork," the universe seen as, 63 
Comets, 43, 61, 101 
Conic section, 58 

Constant of Universal Gravitation (G), 95, 105 
Constellations, 8, 9 

Copernicus, Nicolas, 18, 27 ff., 40, 41, 49, 51, 

60, 62, 68, 69, 113 
arguments against his system, 35 ff. 
arguments for his system, 34 ff., 36 
finds distance of planets from sun, 31-32 
finds periods of planets around sun, 31 
finds sizes of planetary orbits, 34 ff. 
his seven assumptions about the heavens, 29-30 
philosophical implications of his theory, 37- 

38 

Daily motion, 7, 8, 12, 14, 15, 16 
Dante, Divine Comedy ^ 16 
Darwin, 72 
Deferent, 23, 31 

defined, 21 
De Revolutionibus ^ 27, 30, 41 

condemned by Jewish community, 38 

condemned by Luther, 37 

condemned by Papacy, 38 

conflicts with Aristotelian science, 38 



Descartes, Rene, 89, 111, 116 

Dialogue Concerning the Two Chief World Systems ^ 

68, 69, 71 
Differential calculus, 78 
Dioptrice . 62 

Discourses Concerning Two New Sciences ^ 68 
Double star 

finding its mass, 106 

Kruger 60, 106 

Earth, see terrestrial motion, terrestrial me- 
chanics 
Eccentric, 23, 50 

defined, 21 
Eccentricity 

defined, 56 

of planetary orbits, 57 
Eclipse 

of moon, 10 

of sun, 10 
Ecliptic, 18 

defined, 9 

moon's relation to, 10 
Egyptians, 2, 7 
Elements, the four Greek, 14 
Ellipses, 55, 56, 82 

and conic sections, 58 

eccentricity, 56 

elliptical orbits, 83 

focus, 56 

mean distance, 56 
Epicycle, 23, 24, 30, 31, 33, 37, 50 

defined, 21 
Equant, 50 

defined, 23 
Ethers, 37 
Eudoxus , ) j 

"Fall" of vlanets toward sun, 87 
Focus, 56 

Frederick II of Denmark, 41 

G, see Constant of Universal Gravitation 
Galileo, 4, 14, 40, 49, 64, 65, 75, 79, 111, 
113, 114, 116 

and the Inquisition, 70-72 

belittled by Scholastics, 70 

builds telescopes, 65 

his Dialogue Concerning the Two Chief World 

Systems ^ 68, 69 
his Discourses Concerning Two New Sciences ^ 

68 

his discovery of the phases of Venus, 67 
his discovery of the satellites of Jupiter, 
66-67 

his discovery of sunspots, 67 
his observation of the moon, 66 
his observation of Saturn, 67 
his observation of the stars, 66 
his Sidereus Nuncius > 66 
Geocentric view of universe, 14, 15, 16, 24, 25, 
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Ptolemy's, 18, 20 
Gravitation, 29, 63, 78, 86, 97, 198 

Newtoi/s Law of Universal Gravitation, 81, 
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Greeks, 2, 7, 9, 15 

their explanation of motions in the sky, J, 
12 

their five regular geometrical solids, 49 
their notion of natural place, 83 
their philosophical assumptions, 12, 13 

Halley, Edmund, 79, 101 

his comet, 61 
Harmonic Law, see Law of Periods 
Harmony of the World s 61 

Heliocentric view of universe, 17, 18, 33, 40, 
52, 62, 69 
Aristarchus ' , 16 

Copernicus' heliostatic system, 30 
defined, 16 
Kepler's, 49 
HerscTiel, William, 109 

Index Expurgatorius, 72 
Inertia, see Laws of Motion 
Inquisition, 70-72 
Inverse -square law, 83, 86 

Jupiter 

gravitational force between it and sun, 93 

its period, 31 

its satellites, 67, 69 

Kepler, Johannes, 4, 14, 40, 45, 46, 49 f f • , 
75, 79, 113, 114 
derives the earth's orbit, 52 
derives the orbit of Mars, 52 
his Dio£trice, 62 

his first law, the Law of Elliptical Orbits, 

55, 56, 58, 60, 86 
his five perfect solids, 49 
his Harmony of the World . 60 
his heliocentric theory, 49 
his notion of world as "clockwork", 63 
his Rudolphine Tables, 62 

his second law, the Law of Areas, 51, 53, 55, 
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his third law, the Law of Periods, 60, 61, 69 

86 
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Law of Areas (Kepler's second), 51, 55, 58, 59, 
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stated, 53 

Law of Elliptical Orbits (Kepler's first), 55, 
58, 60, 86 
stated, 56 

Law of Periods (Kepler's third), 60, 69, 86 
stated, 61 

Law of Universal Gravitation, 81, 83, 88, 114, 
119 
stated, 89 
Laws of motion, 80, 82, 92, 93, 111 



Laws of planetary motion, 61, 82, 83, 86 
see Law of Areas 

Law of Elliptical Orbits 

Law of Periods 
Logarithms, 62 

Mars, 31 

Tycho's investigating its orbit, 49-51 
size and shape of its orbit, 53, 57 

Mercury, 32 

"Monkey Trial," 72 

Month, 1 

Moon 

and month, 1 

Galileo's observations of, 66 
its relation to ecliptic, 10 
motions of, 9, 15, 24, 103 
phases of, 9 
Motion under a central force, 84 ff« 

Natural motion, 83 
Net force, 82 

"New Philosophy" of experimental science, 75 
Newton, defined, 78 
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and gravitational force, 63 
and natural motion, 83 
and the apple, 78 

his Constant of Universal Gravitation (G), 96 
his great synthesis, 83, 90, 115 
his Law of Inertia, 87 

his Law of Universal Gravitation, 81, 83, 88, 

89, 112, 114, 119 
his Laws of Motion, 80, 111 
his Princifiia, 72, 75, 83, 109, 112 
his Rules of Reasoning . 80-81, 90, 113 
his Theory of Light and Colors > 79 



Opposition, defined, 10 

Parallax, 17, 18, 24, 35, 37, 43 

defined, 17 
Pendulums, 103 

Perihelion distance, defined, 56 
Perihelion point, 59, 60 

defined, 56 
Planets 

angular distance from sun, 10, 23, 31-32, 56 

brightness of, 11, 17, 23 

Kepler's model of their orbital planes, 51 

motions of, 10-17, 23, 24, 27, 30-32, 63, 118 

opposition to sun, 10, 11 

periods of, 31 

relative masses, 102 

size and shape of their orbits, 34, 52, 56, 83 
Plato, 9, 13, 14, 16, 21, 23, 27, 58, 63, 69 
differences between his system and Ptolemy's, 
23 

his problem, 12 
Principia . 72, 75, 79 f f * , 83, 109, 112 

General Scholium, 91 
Principle of Parsimony, 80-81 
Principles of Unity, 80-81 
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Ptolemy, 18, 20, 21, 23, 25, 27, 29, 31, 32, 41, 
45 

acceptance of his theory, 24 

differences between his system and Plato's, 23 

difficulties with his system, 24 

disagrees with Aristarchus, 19 

his assumptions, 24 

his system sketched, 22 

Pythagoreans, 13 

Quadrant, 44 

Radial velocity, 106 
Renaissance, 4 
Refraction, 45 

Retrograde motion, 11, 12, 16, 17, 21^ 23, 30, 35 

defined, 10 
Rudolph.ne tables, 62 
Rule of Absolute Motion, 27 

Rules of Reasoning in Philosophy, 80->8l, 90, 113 
Rutherford, lord Ernest, 77 

Saturn, 31 
Scholastics, 70 

Scientific revolution of the 17th century, 75, 76 
Scientific societies, 75 
Sidereus Nuncius . 66, 6/ 
Sizzi, Francesco, 70 

Starry Messenger , see Sidereus Nuncius * 
Stars 

Galileo's observations of, 66 
Stonehenge, 1, 2 

Sun, also see heliocentric view of universe 
as central force, 82 
its motion, 9, 15, 20, 24 
solar year, defined, 7 



Suns pots 

discovered by Galileo, 67 

Telescope, 70 

adapted by Galileo, 65 

Galileo discovers suns pots and phases of Venus, 
67 . 

Galileo observes moon, stars and Jupiter's 
satellites, 66*67 

Galileo observes Saturn, 67->68 

invented, 65 
Terrestrial mechanics, 39, 64 
Terrestrial motion, 17, 20, 29, 30, 46 

Kepler's derivation of the earth's orbit, 52 
Theory 

defined, 113 

making and judging, 114-117 
Theory of Universal Gravitation, see Law of 

Universal Gravitation 
Tides, 99 
Time-keeping, 2 
Triangle, area of, 84 

Trinity College, Cambridge University, 77 
Tycho Brahe, 40 ff., 61, 62, 64, 111, 114, 116 

calibration of his instruments, 44 

discovers a new star, 41 

his compromise system, 45 

observes comet, 43 
Uniform circular motion, 13, 14, 27 

abandoned, 49, 51 
Uraniborg, 41 ff. 

instruments there, 44 ff. 

Venus, 31, 68 

its phases discovered by Galileo, 67 
Vernal equinox 

defined, 9 
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Unit Overview 



Overview of Unit 2 

Unit 2 is a brief story of the phys- 
ics that developed as men attempted to 
account for the motions of heavenly 
bodies. It is not a short course in 
astronomy . 

The climax of the unit is the work of 
Newton, For the first time in history, 
scientific generalizations to explaj'^ 
earthly events were found to apply to 
events in the heavens as veil. This re- 
markable synthesis, summari^sed in Chap- 
ter 8, produced echoes in philosophy, 
poetry, economics, religion and even 
politics , 

The early chapters are necessary to 
establish the nature and magnitude of the 
problem that Newton solved. They also 
show that observational data arc n'=>cec- 
sary to the growth of a theory. Thus 
Chapters 5, 6 and 7 are a prelude to 
Chapter 8 and constitute a case history 
in the development of science. 

The prologue to Unit 2 gives a brief 
overview of the unit. 

Chapter 5 constructs a model of the 
universe based upon the kinds of obser^^a- 
tions made by the ancients, the Greeks 
and incidentally by modern man. It de- 
scribes the motions of sun, moon, plan- 
ets and stars as seen frcr? a fixed-earth 
frame of reference. It relates Plato's 
model and Ptolemy's geocentric universe. 

Chapter 6 describes the work of Co- 
pernicus and Tycho Erahe, and disc.-.-ses 
the arguments that developed and hi&toric 
consequences of this -j<idical view of the 
universe. The diligent observations and 
recording of these kept by Tycho shows 
the importance of such works to science. 

The work of Tycho 's successor; Johannes 
Kepler, and that GAJLilcc^rer rfclciLt?^ 
in Chapter 7, again with world-shaking 
consequences that changed the course of 
religion and philosophy as well as that 
of scie)ice. 

Chapter 8 gives the student a profile 
of Newton, the man, and an insight into 
the tremendous power of the synthesis of 
earthly and celestial mechanics. The 
cement of his synthesis, the law of uni- 
versa"* cravitation, is developed and 
several tests of the law are discussed. 



Experiments 

*E1 Naked-eye astronomy 

E13 The size of the 
earth 

*E14 The height of Piton, 
a mountain on the 
moon 

*E15 The shape of the 
earth's orbit 

E16 Using lenses, 

making a tele- 
scope, using a 
telescope 

*E17 'iTie orbit of Mars 

E18 The inclination of 
Mar's orbit 

E19 Mercury's orbit 

*E20 Step-w'.-je approxi- 
mation to an 
orbit 

E21 Model of a comet 
orbit 



Demonstrations 



D28 Phases of the moon 

D29 Alternate demonstration 
for model of geocen- 
tric motions 

D30 Alternate demonstration 
for model of hello- 
es ntric motions 

D31 Plane motions 

D32 Conic sections fro-n 
model 
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Teaching Aid Perspective — Unit 2 



TRANSPARENCIES 



T13 Stellar motion 

T14 Celestial 
sphere 

T15 Retrograde 
motion 

T16 Eccentrics 

and equants 

T17 Orbit 

parameters 

T18 Motion under a 
central force 



F6 

F7 



F8 



F9 



FIO 



Fll 



F12 



F13 
F14 
F15 

F16 
F17 

F18 



FIUIS 



Un iverse— NASA 

(Prologue) 

Mystery of 
Stonehenge 
— McGraw 
Hill (pro- 
logue) 

Frames of 
reference 
— PSSC 

Planets in 
orbit— EBF 

Elliptic 
orbits 
— ^PSSC 

Measuring 
large 
distances 
— PSSC 

Of stars 

and men 

(about 

Galileo) 
— Columbia 
Un iversity 
Press 

Tides of 
Fundy 

Harlow 

Shapley-EBF 

Universal 
gravita- 
tion— PSSC 

Forces— PSSC 

The invisible 
planet 

Close-up of 
Mars 



LOOPS 



LID Retrograde motion 
— geocentric 
model 

LlOA Retrograde motion 
of planets 

Lll Retrograde motion 
— heliocentric 
model 

L12 Jupiter satellite 
orbit 

L13 Program orbit I 

L14 Program orbit II 

L15 Central forces 
— iterated 
blows 

L16 Kepler's laws 

L17 Perturbations 
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Details of the Multi-Media Schedule 



Day 1 

Read The Black Cloud y Hoyle 

Some possible questions for small-group 
discussion; 

Is it possible? 
How big is it? 
Where is it located? 
What would Aristotle say? 

Make assignments for student debates , 
day 6. You will need debaters / time 
keepers/ judges / etc. This is a good 
chance to work with the English depart- 
ment. 



Day 2 

Small groups plot data from El and dis- 
cuss questions from experiment. If data 
was not available, use data provided in 
the Teacher Guide. 

An evening visit to a planetarium would 
be useful. An evening star-gazincj ses- 
sion might be an alternate activity. 



Day 3 

Teacher presentation on Aristotle and 
Plato. The scientific and philosophical ' 
viewpoints of the ancients are presented 
and discussed. 



Day 4 

Lab Stations: Ptolemy and Copernicus 

1. epicycle machine (see student ac- 
tivity) 

2. film loop LlOA 

3. D28 phases of the moon 

4.. D29 geocentric-epicycle model 

5. celestial-sphere model (student 
activity) 

6. T14 celestial sphere 



Day 5 

Class discussion: Ptolemy and Copernicus 

Answer questions that will arise with 
regard to geocentric celestial mechanics. 
T13 and T16 should be helpful. 



Day 6 

Student debate. The nature of the uni- 
verse as described by Ptolemy and Coperni- 
cus. Students present both viewpoints in 
standard debate form. 



Day 7 

Students collectively do Experiment 15 , 
The Shape of the Earth's Orbit. Several 
students read measurements of solar diam- 
eters from projected photographs. Every 
student makes an orbit plot. Large 
sheets of graph paper are very helpful 
for this exneriment. 



Day 8 

Small-group problem solving. See p.. 14, 
Student Handbook/ for some possibilities 
Alternate: devise "computer-based" prob- 
lem. 



Day 9 

Lab Stations: Brahe and Kepler 

1. drawing ellipses (see Student 
Handbook) 

2. demonstrating satellite orbits 
(see Student Handbook) 

3. T17 Orbit Parameters 

4. film loop Lll Retrograde Motion, 
Heliocentric Model 

5. conic sections model (see Student 
Handbook) 

6. T18 Central Forces 

Suggestion: students might enjoy taking 
star-trail photographs as activity. 



Day 10 

Experiment 17: The Orbit of Mars. 

Students plot Mars * orbit on graph made 
on day 7. 



Day 11 

Teacher presentation: Brahe and Kepler 
Points to make: 

1. the role of instruments and mea- 
surements 

2. looking for relationships in data 

3. kinds of people in science (e.g., 
Brahe and Kepler) 

See Kemble, Physical Science/ Its Struc - 
ture and Development , Chaps. 1-5, 19. 
Also Koestler, The Watershed* 



Day 12 

Class discussion 

Possible discussion topics: 

1. models of the universe (Aristotle 
to Kepler) 

2. the changing nature of physical 
laws 

3. separation of celestial physics 
and terrestrial physics in his- 
tory 



Multi-Media 



Day 13 

Lab Stations: Galileo 

1. height of a mountain on the moon 
(E14) 

2. making a telescope (Part of El6) 

3. L12 Jupiter's Satellite Orbits 

Since these stations require quantita- 
tive observations, more time should be 
given for each activity. 

Optional: Check out telescopes for stu- 
dent use. Perhaps an evening star-gaz- 
ing session on planets and the moon 
would be appropriate here. 



Day 14 

Film: (Harlow Shapley) 

Encyclopedia Brittanica Film #1806 
(30 min) 

This film discusses major astronomical 
discoveries and how they have influ- 
enced philosophy, religion, and an ori- 
entation to the world. Follow with small- 
group discussion on film. 



Day 15 

Teacher presentation: The Newtonian Syn- 
thesis 

Here Kepler's laws, Galilee's observa- 
tions, and terrestrial physics are com- 
bined into one grand law. See Holton 
and Roller, Foundations of Modern Physi - 
cal Science , chaps. 11 and 12; Kemble, 
Physical Science, Its Structure and De - 
velopment , Chap. 9; and Andrade, Sir 
Isaac Newton. 



Day 16 

Demonstrations: Central Forces 

Begin with Tl8. E20 may be done as demon- 
stration experiment. Loops 13 and 14 are 
other possibilities. 



Day 17 

Lab Stations: Inverse-Square Law 

Students work at one station only, take 
data, plot, and compare. 

1. Photometry. With a light meter 
measure intensity at various dis- 
tances from a small source. 

2. Radioactivity. Measure intensity 
of radiation at various distances. 

3. Sound. Microphone and amplifier 
drive a "Vu" meter. Measure inten- 
sities at various distances. 



4. Magnetism., See activity in Unit 4 
Student Handbook, 'Force law for 
bar magnets./* 

5. Electric Fields. See E34 or equiv- 
alent. 



Day 18 

Students demonstrate experiments (day 17) 
and show results to rest of class. 



Day 19 

Film PSSC #0309, "Universal Gravitation" 

A tongue-in-cheek Hume and Ivey film; re- 
quires careful post-film discussion. 



Day 20 

Student option 

In small groups or individually, students 
plan their own activity for this day. 
Possibilities include: 

EiJ, Size of the Earth 
E19 , Mercury's Orbit 
E21, Model of Comet Orbit 
Activities from Handbook 
Reader articles 

Periodicals or other outside reading 



Day 21 
Option 

Some possibilities: 

1. class reading of play, "Lcunp at 
Midnight" from the Hallmark Hall 
of Fame TV series, available in 
paperback 

2. a field trip to planetarium 

3. National Gallery of Art slide set 
and record, "Physics and Art" 

4. write Haiku about Unit 2 topics 



Day 22 

Review Unit 2 in preparation for exam 



Day 23 
Unit 2 exam 



Day 24 

Discuss exam 
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Chapter 5 Schedule Blocks 

Each block represents one day of classroom activity and i-nolies a 50-ninute 
period 



l>iscuss naked- 
eye a^Wvnomu 
Ttlm on t<an 

Show'fttm loopioA 
fhoaes 



Vt'scuss indirect 
measMnement, 
exp, prvcedture, 
HeJ^Vtt of ffron 
exp. 



Discuss exp. 
proc0diwre and 
n»6utb 

Xmpoi4attice of 
indirect meomtre- 

X^ ^v bktn Seminar 



"Read 5.4 — 5-7 



X>i3CUS5 d^tts cf 

BccetitricB 
equAnCd iranspar- 

motion ioop to 



to tt 



16 iff 
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Chapter 5 Resource Chart 





Schedule 


Problems 


Experiments and Teacher Demonstration 


5.1 Kotroixs op Hie 

sun (xnd sIZxrs 






E 1 Waked - eye ostronomu (continu 
E 13 The 5i3:e op 1He earth 


5.3. Mdtioris op the 
rnoorx. 






E\J^ Iht heegW" of Fiton, a mountair 

oialHe moorx 
Pas Teases op #ie moon. 


S.S ^The warxderinci 




/ 




6.4 Pfafos problem 








5.5 Tfie p/rst" eorttH - 






I>H^ Alfernote otemonstKy^^tioia for 
moo(e{ op geoceKtJ^(c m<Jh"ons 




B.6 A sun-centen0o( 


,_ _ , 




J>yo Att&rruSfe domon^rtX^ibn for- 

ynodel op hedbceritr^cc mnation^. 


517 iFie geocein(r(c 
S>(jstem op fhptemy 
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Chapter 5 Resource Chart 



Ti5 Stellar Kotidn 'RoW Cad 

Tl^ Celestio.! Sphere 

F6 Uhiver^ - ASA ( f*roloqu&) 

F7 Mystetny of? Stenehenae - M'^Q 



How lona a Sic(araa( c4au ? 
QloboJi suadiat ^ 



Tilnt gfrip of Mars ^jf Itirec t)ppdX5itidns 
LlOA "Retrciyradc nxcXicns plartOCs 



Makina anquioir rueosunemenfe 
Sccde: rr\<siiei c ' 



op^e So(ar 



'Stfeltar- motioKi 
T14 Celeste cit sphere 
Kia. TTie CcurcMeio op Eptcuru3 

T*I5 1?etK-<7gnac<e iridtibn 



Celesticxt - sphere rvtodel 
Arm'iUari^ sphere 



T1[6 Eoc^entr^'ios and equotits 
L I o "Retr-oo^v^axie motion 



Hpccc^etes and r^ti^ogracle 
rnotion 
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Chapter 5 Experiment Summaries 



Exoeriment 1*: Naked Eye Astronomy 

In this exoeriment, students are asked 
to make quantitative sky observations over 
a period of several weeks. Data is then 
plotted on graphs, and graphs are inter- 
preted. Sample data is provided in case 
of bad weather. This experiment should 
be started during the first few days of 
school year. 

Equipment 

Astrolabe 

Constellation Chart 

Experiment 13: The Size of the Earth 

t Tv7o students, at least 200 miles anart, 
take simultaneous star sightings. Data 
is exchanged, and the size of the earth 
may he calculated. See list of consult- 
ants for possible cooperating teachers. 

Equipment 

Astrolabe 

Experiment 14: The Height of Piton 

A combination of measurements made 
from a moon photograph and assumptions 
made from a geometric model allow indi- 
rect measurement of the height of a moun- 
tain on the moon. 

Equipment 

Ruler 

Student Handbook 
lOx magnifier 
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Chapter 6 Schedule Blocks 

Each block represents one day of classroom activity and in;^.lies a 50-ninute 
»^eriod 



i^ead Eypertryyent BIS 



Discuss Exp. 

lure UStn^ 



\\m strip, 



garb's 



shapo op 
Ws "orb<r 



tie 



Kead 6.1 - 4.5 



of nfffterwce, 
uerso Qnc< Itts 
Show rCTTogrctfte 



fhjblcm Semirtar 



ViScusB impor- 
12Mce op acoirtKCs' 

Fnww«s of 

Srwie's sufSkm 



5 ^ 




/5 \y 
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lERiq 



6. ( TPie Cojpernican 
system 



G.2 Hew conclusions 



Chapter 6 Resource Chart 



iieOi.i' Problems 



tlxpc "menu and Teacher Ducnor^strvUion 



6. 5 ArguKnerife f<)r 
iHe CoperrxKccm 

^•-^ Arguments ogoiKid" 
the Cofo&nrxxQari 



6.5 HLsforcco/ 



6. 6 "Tycko Bioc^^e 



6.7 lufho's chserv^a-l 



(>' S Tyc^ios compro- 
mise Sysfem 



Ustn^ Laa-es^ m^iia^ a "felc- 
sce>pc ^ using a 1e(escope 
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Chapter 6 Resource Chart 



L II l^roqroude, mdtion-Vteiiocer^iO model 



F5 Frantos op reper^nc^ — -PSSC 



F9 'Rcuaefe in crhit - ESF 



Flon^ory jpositidns vcfcdivre te 
1he sun 

l^dtrioqiradtQ motion 



Telescope or* binocular 
Observing Suvispd^ 
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Chapter b Experiment Summaries 

Kxneriment 15*: The Shape of the Earth *s 
Orbit 

The student uses a series of ohoto- 
riraohs or the sun to establish relative 
earth-sun distances on twelve dates 
throughout the year. Data is plotted 
as geocentric and heliocentric systems. 
Heliocentric graph is used as a starting 
noint for E17, The Orbit of »'ars. 

Equipment 

35 mm film strip orojector 

(screen) 

Meters tick 

Oraoh naper — 20 x 20 size desirable 
or smaller sheets 

Film strip of sun photos 

Ruier 

Comoass 

Protractor 

Exneriment 16: Using Lenses, Making A 
Telescope, Using a 
Telescope 

By "playing" with lenses, students 
realize that convex lenses can be used 
to a) magnify, and b) form real imaqes, 
B" combining lenses in an appropriate 
wav, a telescope can be formed. 

This experiment is not intended to 
teach the details of geometrical optics, 

Equinment 

1 large lens 
1 lOx magnifier 

1 small lens mounted in wooden optics 
cylinder kit 

2 cardboard tubes, telescoping 

1 plastic cap for mounting large 
lens 

Optional 

Wooden saddle 
Rubber bands 
Camera tripod 
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Chapter 7 Schedule Blocks 



rach block represents one day of classrocn activity and implies a 50-:ninute 
'^eriod. 



71-75 



Discuss and use 
Show Orbit* para 



"Read £xpenwer?t H"/7 



Discuss IWon^uTci- 
tion 

Orbit of Mars 
Experinwit 



Discuss potra- 



Disatss Qol'rfeos 
cbseryM'a^ and 
tisir tmpffcatlbns 



1?€yiew Chapter 7 



/ 




Chapter 7 Resource Chart 



Text 


Schedule 


Problems 




Experiments and Tedcher Domunstrcuion 


7J Ifie chaindorirrient' of 
ariiform arculcKr 

7.2 keflers second 
Law" 






I> s 1 'Rone m^ans 


7.3 Kepiers ios^sr 
elliptical or)d\(s 






Ei7 lha orbt of Mars 


7.4. li^iVia rtie first" 




3 51 


5 




7.5 Kepler's law of 




1 







76 Tpie new/ ct^ncept 
of fhufskcol law 


I 






7.7 QaXileo's WeWjpdinI 








7,Z lJSh& ieiescopxa 
































i 
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Chapter 8 Schedule Blocks 



rach block represents one day of classroom activity and i^iplies a 50-ninute 
•^eriod • 



force- usmq Iram 
Show cet&tii 
forces loop asexp. 



1^€€ui (<? and f?€v?eiv 



Chapter qwiz. 



X>tSCUS3 e3qs>. 

procedure. Qtep*- 



Ok ortofT cxpcri- 
iwi^r £*;?o 



Unit reviw 



Show protjfTom 
^brt* ZC vJT iccp 
fVob(»rrt Seminar 

Lt3 a„fl( uv 




1W 9.^-6 



X>tscus9 Uepiars 
\aws and tm'iv^rs- 




Snow and 
satetore <M%(r 



S 6 



to II 



Cha^r 6 



IS fa 



sit fiS 2C 




Test 
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Chapter 8 Resource Chart 

Schedule Problems Experiments and readier Demonstranon 



8.1 A sketch of Newtek's 
life 

8.3 A pr5viev^/' op 

8«i|. Motion {Ar\d(&r <x 
ceritiral force. 


_ _ 

. 


1 

1 


1 

ET-ao Sl&pwise apf>rr»cimc^t^bn ib an crbit 


8.5 T^e inverse- square 
law of plonetartj ^orce 




I 

1 
i 

f 




o./ Ine DtaaniTude 
planet2^rt} force 




IS- 




8,8 TasT7r?a IRe (^r\e¥XK\ 
^av^/ 




O T 




8,^ TF?c mooH and univers- 





J7 S 


^ 


c>. It/ UfrJ^VliailOn L4rl^ 

planetixrt^ fonx. 


If 8 








16 











e^^f Model of a comet orbit 


8./S 1?e(extive mosses op 

fiwteXs compared 
tbthe^ sun 




13 6 




^COpe Of- (Tie. 

prvnciple 








Ihe^ QctiAcd masses 
op ceteett^ bodies^ 








9J6 £eu2no( IFte solar 
S(|9t^m 








Neu/tbns work 








8.18 ^^ew(&ns pfoce 








8.19 Winct is a Iheonj? 
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Chapter 8 Resource Chart 



'Rio 



}4e\i^ton and 1h& Princ\p\oi 



Ihe Laws of? Motion and "Fnoposityon One 



TFie Slock Qoud 



U4' 



Motion unc/\er oentrod poroe. UZPrcaram orbitl(Ex» So) TFiree- diwcnsional morfef of 1Wo 
fVwgrwm orbit- IC C e>fp- iiojTTim: Ncwlbn's EqMa( Arw orbils 




J.I5 




K2( IPte- Stars wif^in iZS t-ioKT- Vcoii^ Tftot* Could Hai^ 
Habitable Plants ^ 

iJtesolatrbn 

Untversai/ Gr»»/rt&tibn 



Fl3 TSctes Cf Vundy 

TF«e Eoc^ Who Reofeemect His TcHhers Kanne C?(hcr cewtft orkiit^ 

tTupiter sditeKife orb'tt 
"Fli^ Hourlow Shoplet) - E8F 



F/5 Mnivct^t G»^awt«1(or» - Pssc 



Forces - 




f?/^. Aw Appnecidbdvi op Ihe- Ea»*tfi 



i-i7 fkrturboXiens 



Hacku - erwA 



21 



Chapter 8 Experiment Summaries 



Experiment 20*: Stepwise Approximation to 
an Orbit 

A geometrical technique is given that 
allows the student to plot the orbit of 
a short-period comet. The experience 
dramatizes the directional nature of a 
central force and the variation of ac- 
celeration due to an inverse-square force 
law. other aspects of orbital motion can 
be investigated using Kepler's laws. 

Equipment 

20 X 20 graph paper 
Straight edge 
45*^ or 60*^ triangle 
Dividers or compass 

Experiment 21: Model of a Comet Orbit 

From the six elements that define the 
orbit of Halley's comet, students can build 
a three-dimensional model which shows how 
the comet's orbit is related to the earth's. 
They can also develop a timetable (Ephemeris) 
for the comet's motion and so interpret the 
observations made of the conet in 1910. 

Equipment 

Cardboard or stiff paper, two sheets 
Ruler 

Protractor 

Data for Halley's comet (Student 
Handbook) 

Compass 

Scissors 
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Study Guide 
Chapter 5, 6 



Solutions for Chapters 5 and 6 Study Guide 
5.1 



a) Observations 



Apparent motion 
of the sun: 

1) daily west- 
ward mot ion 

2) annual north- 
south motions 

3) annual east- 
ward motion 
through the 
stars 

Apparent motions 
of the moon: 

1) phase changes 



b) Reason for Impor- 
tance 



day-night deter- 
mination 

seasonal changes 



length of the 
year, basis of 
the calendar 



tie-in witii 
other physical 
phenomena 



2) continuous mo- 
tion eastward 
among the stars 



Apparent planetary 
mot ions : 

1) retrograde mo- 
tions westward 
at opposition 
(Mars, Jupiter, 
Satur-.; 

2) per> ;dic mo- 
tions of Venus 
and Mercury 
near the sun 

Apparent fixed 
positions of the 
stars: 

1) continuous cir- 
cumpolar rota- 
tion of the 
celestial 
sphere 



basis of the 
month, related 
to eclipses of 
sun and of moon 



a seemingly con- 
trary motion 
that should be 
explained 
THE REAL bugaboo: 

planets are dif- 
ferent in some 
ways 



the most uniform 
of all observed 
motions 



5.2 



Regardless of the earth's shape» the apparent 
motions of the stars would seem the same* 

a) Saucer-shaped: 

In the morning the sun would be seen 
earlier in western lands than in eastern lands. 
At sunset the sun would be seen later by 
observers In the eastern areas* 



b) Sunrise would occur at the same moment 
to everyone. 

c) Like a flat earth, only abrupt changes at 
the edges. 

d) No variation of the sun* s noon altitude 
with north-south position of the observer. 



5.3 



a) The time interval between recurring 
heavenly events, such as eclipses of the sun, 
is very often large. Intervals are such that 
periodic phenomena are not often seen as peri- 
odic unless records cover hundreds of years. 

b) In terrestrial studies, lost experimental 
data can be recreated by repeating experiments. 
This is not possible in astronomy. 



5.4 



a) Each theory described a model through 
which certain phenomena were described adequate- 
ly, e.g., retrograde motions. 

b) The geocentric, earth-centered idea was 
consistent with theology, philosophy and common 
sense. The heliocentric put the sun, the light- 
giver, at the center of the universe. 

c) Ptolemy used geometrical motions to im- 
prove the precision of predicting planetary 
positions. 



6.1 

a) When Mercury and Venus are moving from 
farthest east to farthest west relative to the 
sun, they are overtaking the earth and passing 
between the earth and sun. In the case of 
Venus only about one-quarter of its orbital 
period is required for the planet to move from 
farthest east to farthest west. 

b) To find a period for Mercury's motion 
relative to the sun we have a choice of which 
intervals to measure. Probably the most sig- 
nificant would be the times required for Mercury 
to pass the sun. The three intervals for motion 
from west to east are: 110, 105 and 130 days. 
For motion from east to west the intervals are: 
127 r.-d 112 days. The average of the five 
ln£ei-*/^,ls is 115 days. The variations result 
from r^ic eccentric orbit of Mercury. 

c) The mean cycle compared to the sun is 
115 days, or 0.315 years. This is T in the 
equation of the chase problem. K Is one. Then 

period of Mercury = T/(T+N), or 
= 0.315/1.315 
e 0.240 y> or 
87.5 days. 
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Study Guide 
Chapter 7 



d) The niajor sources of uncertainty are: 

1) Only three cycles for Mercury are 
shown. With more cycles a better average would 
result . 

2) The orbit of Mercury is not circular, 
but is rather eccentric. Therefore the observed 
intervals depend upon the direction from which 
we on the moving earth see Mercury in its orbit. 

e) Only a little more than half a cycle is 
shown for Venus. We assume that the motion is 
symmetrical. Since a half cycle takes 289 days, 
a full cycle would be 578 days. In one year we 
observe 365/578 of a cycle; this is N = 0.632. 

T is one year. Then 

period of Venus = 1/(1+0.632) 
= 0.613 y 
= 224 days. 

Solutions for Chapter 7 Study Guide 
7.1 

T^= ka^ where k = 1 yr^/A.U.^ 

T^ = 20^ = 8000. 

T = /8000 = 89.5 years. 



7.2 

a) a3 = 752 = 5625 

a = t^5625 = 17.8 A.U. 

b) c = c/a where c s= mean distance - peri- 
helion distance. 

c = ae = 17.8 x 0.90 = 16 A.U. 

least distance = a - c = 17,8 - 16 = 
'.8 A.U. 

c) From law of areas, velocities are inversely 
proportional to distances. 

^aphelion/^perihelion 

= (a-c)/(a+c) = 1.8/(17.8 + 16) 

= 1.8/33.8 = 0.053. 



7.5 

c = ae = 0.254 a 

ratio of speeds = inverse ratio of distances 
s (a-c)/(a+c) = (a-0. 254a) (a+0. 254a) 
s 0.746a/1.254a = .549 



Discussion. 



7.3 



1.02 - 0.98 = 0.04 or 4 percent change, 
since speeds depend upon distances. 



7.4 

T = (39.6)3 ^ 249 years. 



Study Guide 
Chapter 8 



Solutions for Chapter 8 Study Guide 
8.1 

The upper focus is the sun because the nearer 
the sun the greater the speed. The vector dif- 
ference S - A" over a relatively small time in- 
terval is proportional to and in the direction 
of the accelerating force. It is therefore 
directed at the sun. 



X 2 ~ R 3 
B B 

B ,^3 B 



^A = ^B 



8.2 



(a) The forces are equal in magnitude and 
Opposite in direction. 

(b) a = £ 



Then, = 2.82 T_. 

A p 



This is considerably more than twice the 
period of body B, Therefore they arc not re- 
volving about the sun. 



F /m 
s s 

F /m 

e e 



(a) t2 = kR^ or V V. 



Since F 



F and m = 3.3 10^ m 
e s e 



(8)' 



3.3 X iqS ra 



= 2.8 



8.3 



9- 
-X 8- 



=3 X 10- 



(b) If = 2Rg, then the ratio of the 



circumferences is 
C 
C 



A 2n(2R3) 



B 



= 2, 



If it takes planet A 2.8 times as long to 
complete its orbit, the ratio of their speeds is 



o' 

I 1 3 ^ S 

The weight at lOOR will be small but not 
zero. Likewise the weight at lOOOR will be 
much smaller, but still not zero. 



2.8T„ 



A 

2.8C„ 



2.8 



= 0.71 



((^) Their accelerations are proportional to 

the gravitational forces which are inversely 

? 1 
proportional to R (F <« ^) • 



B 



B 



«A^ 



0.25 



It is interesting to compare this result 
with that obtained from using the kinematic 
value of centripetal acceleration, A ~ v^/R . 



8.4 

We assume that A and B are relatively small 
bodies revolving about the massive sun. The 
period of body A, whose orbital radius is 2R^ 
could be calculated: 



v/R„ v/ R_ 



— = 0.25 

^B 
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Study Guide 
Chapter 8 



(a) If the innsses of t^e t^o bails ar*. uoublm, 
iho point in Clu center r. mains the point .U 
which the »;ravitntional forces bahmce. 

(b) Let = 2M- ami rr he n ma^^ nt the point 
where the force*- balance. 



rhih difference can be detenmned in the r.>l- 
lo'.ing way. The tido-raising lorce of the sun 
or 5f)Oon result.^ from the dif ferercy. between the 
forcob exerted on the earth as a uhole (mass- 
point) and on Che fluid waters one earth-rae.ius 
»',»-♦ ♦"»-rtm rh.i co'^ter .^i the eai*t!i. 



Then, 



GM^m GM^m 



Rj? CM, 



R2 



■(£)' = (f) 



(4? = 1.41 



The point is 1 .41 times as tar from M^, as 



from 



By doin>; the analysis for such a diflticnce 
in algebraic teriTis. we can avoid much arithnutic 
The force, F, on the earth varies as 1/R- . where 
R is the distance between the center of the earth 
and the center of the other body (hon or moon). 
The force at a blight ly differ^Mit distan».c»» 
(R + AR). is (F - AF)(if the distance increases. 

the force decreases), which is 

1 



(F - .^.F) 



(R + AR) 
1 



8.16 



GM N 
m e 

R 2 
m 



G = 6.67 


X 10-^ ^N.m^/kg^ 


M ^7.18 

m 


^ 10 2 2kg 


M = 5.96 

e 


^ lO^^g 


R =3.84 
m 


^ lO^m 


F = 6.67 ^ 10" 

m 


1 lN.m2/kg- ^ 7.18 


102 2i.^ X ' 


.96 ^ iO^'+kp 




^ 10^ m) 2 


F = 1.93 X lO^^N 
m 


GM'M 

F i= ~- 

s a.^* 

s 




M = 1.99 

s 


^ lO'^^kg 


R = 1.50 

s 


X 10^ ^m 



F = 6.,,'' X 10"^ ^N.in2/kg^ x 1.99 x 
s 

lO^Qkg X 5.96 X lO^'^kR 
(1.50 ^ 101 lm)2 

F ' 3.52 X 102 2n 
s 

Thus the gravitational fon-e of tho sun on 
the earth is 182 times the force of the moon on 
the earth 1 

(b) The moon has the greatest effec*" on the 
tides. The di fference in the force of the moon 
on the near and far sides of the earth is greater 
beacuse ♦ihe moon is much nearer the earth than 
is the. sun. 



If AR is small compared to Ry then AR- is 
negligible. 



Then 



AF ^ 



1 

(R^ + 2RAR) 
1 



+ F 



1 



^ (R2 + 2R AR) r2 • 
By cross multiplication this becomes 



-f R^ -f 2R AR 
R2(r2 + 2R AR) 



2AR 



, or 



R2(R + 2aR) • 
But F is ^ , so we may write 



AF '^' 



2AR 



(R + 2AR) 



The square brackets contain the term which 
gives the c. i«^gc in force F for a small change 

distance, AR. Since the force F has been 
determined in part a) above, the values of F 
can be found for polntp one ^arth radius nearer, 
or farther, from the attracting body, sun or 
moon. 

For the moon, AR is tt of R, ^r 0.0167R. 
bU 

„ ^. , 6,000 i m 

For the sun, is -^^^-^^^ ^ 

'..0 X 10 •'^R. 

Then, for the moon, 

'„ ■ <HS}, " > ■» = 

6.35 X lo^^N 



while for the sun, 

^ ^ 2 X 4.0 X 10-^ , ^ 

(1 + 0.00004) "^-^^ lU N - 

2.82 ^ 10*^ 
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Study Guide 
Chapter 8 



SCO then chat the differential tide- 
raising force of the moon is more than twice 
that of the sun. 



8.17 



T2 



where R is distance of satellite from center of 
earth, namely radius of earth plus height of 
satellite— (6.37 + 3.43) >^ lO^m = 9.80 ^ lO^^m. 

T = 161.5 X 60 = 9690 sec. 

c (9690)2 - m/sec 

For va .ci'ficular 'orbit- this value \?hou Id fct|dai 
the acceleration due to the earth's attraction 
at the satellite's distance — namely, GM 

6.67 X 10"^ ^N-m^/kg^ x 5.96 lO-'^kg 
(9.8 X 10^)^ 

= 4.17 m/sec^. 
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The Sj/xeqi a planet i^i 
ona eilifticcxL or\d(t 



Liz Uuprtfer artfedife orbtt 



ria ^ 5tar5 ayid men about- Oaliteo Co(uwbic\ 

UKicversfTlx fV^ess . 
f?5 Qalt(eo 



Answers to REVIEW PROBLEMS 
from Student Handbook, p. 14. 
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Study Guide 
Review Problems 



The sketch below illustrates s'jnrisc 
on March 21., 

Sketch, approxinately , the positions 
of Sunrise on each of the following 
dates: 

a) June 21 

b) September 23 . 

c) December 22 . / 



^ The sketch below illustrates sunset on 
^March 21. 

Sketch, approxinately , tho positions 

of sunset on each of the follov^mc 

dates: 

a) June 21 
; b) September 23 
( c) December 22 



ERIC 



^,^^At noon on October 5 a vertical stake 
casts a shadow as shown below. 
Sketch, approximately/ where the 
tip of the shadow will be on the 
following dates: 
a) June 17 
' b) December 25 
c) March 30 




The shadow of the stake is shown for ( 
noon of October 5. In what direction'^ 
is the sun? How high in the sky is ' 
the sun at noon on ^ ^Oc^.S 

a) December 25? 

b) March 30? 

c) June 17? 




>c «^ 



This is a follow-ur> exoeriment to E17, 
Mars nhotographs are used to measure the 
inclination of the plane of Mars* orbit 
relative to that of the earth, 

Eauinment 



Booklet of Mars photographs 
Transparent overlays 
Graoh oaper 

Kxoeriment 19: /<ercury«s Orbit 

The orbit is obtained from observa- 
tions of Mercury's max^'mum angular elonga- 
tion from the sun. Results are olotted 
on earth orbit (El5) and Mar5? orbit (E17) 
graohs. Orbital eccentricitv and Kenler*s 
second law Cdn both be studied. 

Equipment 

Graoh of earth's orbit (E15) 
Table of planet positions 
Student Handbook 
Protractor 
Straight edge 
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Back()rOund and Development 
Chapter 5 



ERIC 



Sec. Motions of the Sun and Stars 

^^rien the change wan i?.ade m England 
frorr Julian to Gregorian calendars m 
17 52, September 2 was followed by Sep- 
tember 14 for a correction of ll'days. 
Many peasants are reported to have 
clair.ed they "wanted their eleven days 
back." 

G;orge Washington was actually born 
on F-bruary 11, 1732 according to the 
Juli-n calendar then used by the British. 
Scholars must be careful to distinguish 
Juli;n (Old Style) dates from Gregorian 
(New Style) dates on original documents 
from the latter half of the eighteenth 
cent ,ry . 

T*ere are eighty-eight official con- 
stellations. By international agreement 
all ':he boundaries were defined along 
nortl'-south or east-west lines, although 
oldei: star maps show curved boundaries. 

Wc have avoided referring m the text 
to both the zodiac and to sidereal time. 
Sidereal time is star time which gains 
on mean solar time by 3 minutes 56.6 
seconds per day, due to the motion of 
the earth about the sun. 

Students may wish to read "Stonehenge" 
by Jacquetta Hawkes ( Scientific American , 
vol. 188, NO. 6, June 1953) . See also: 
"Stonehenge Decoded" by Gerald Hawkins. 



Sec. 5.2: Motions of the Moon 

recently as our Revolutionary War, 
navigators at sea depended strongly upon 
the position of the moon among the stars 
as the basis for determining their longi- 
tudes at sea. This was before chronom- 
eters v/ere develnnp^l f-o Woor^ ar^^iiva*-^ 



Sec. 5.3: The Wandering Stars 

Sections 5,1„ 5.2 and 5.3 have re- 
viewed the basic observations to bo ex- 
plained by a theory. If the students 
could fill in the following tabic cor- 
rectly, they know the ma^or motions to 
be explained. 



Stars Sun Moon Planets 

XXX X 



Motion 

Daily motion 
from eastern 
horizon to 
western hori- 
zon 

Generally move 
eastward amon^ 
the stars 

Move N-S while 
moving east- 
ward 

Moves N-S in 
one year 

Moves N-S in 
one month 



Retrogrades x 

S3C. 5.4: Plato's Problem 

In a recent book, Marshall Clagett 
{ Archimedes in the Middle Ages , Vol. 1, 
Univ. of Wisconsin Press, 1964) has fer- 
reted out the history of the manuscripts 
available on the v/orks of Archimedes. 
Because Archimedes was one of the giants 
of Hellenistic Greece, we might expect 
that many manuscripts would be available. 
Not so. Modern knowledge of Archimedes 
is based mainly on three BvzAnrin^i r:r-#»oW 
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Sec. 5.5: The First Earth - Centered Solution 

To the ancients the earth was very 
large, immobile, and at the center of 
all motions. It seemed easy to explain 
the motions of the fixed stars with the 
earth at the center. Mention is made 
that Eudoxus , Plato's pupil, needed only 
tv;2nty-seven spheres to explain the 
general observations. Aristotle added 
twenty-nine more mainly to tie together, 
li<e a great gear-tram, the spheres of 
Eudoxus. Enough motions are needef' to 
account for the various cycles observed. 
As more cycles were included for greater 
precision, more motions were needed. 

From our point of view, one big draw- 
back of the earth-centered scheme was 
its failure to predict precisely the 
positions of planets in the sky.. But 
Greek science had different purposes 
than modern science; its theories were, 
at first, only intended to account for 
the general changes observed. The desire 
for greater precision came later. 

Students should understand that it is 
impossible to describe the theory of the 
Greeks, There were many variations. 
Plato believed that the earth v/as spher- 
ical — from the shape of its shadow thrown 
on the moon at lunar eclipses, Heraclides 
of Pontus , who was, like Aristotle, a 
pupil of Plato, believed that the earth 
was at the center and rotated while t*^e 
heaven was at rest. 

Your students will probably be amazed 
tc find that in the thirteenth century 
most of the astronomical explanations 
were still those of Greek antiquity. To 
elaborate is to trace western civiliza- 
tion; perhaps some students will want to 
present the class with a capsulated his- 
tory. Or perhaps a stuaent will want to 
explain to the class how Dante in the 
Divine Comedy (1300 A.D.) described the 
spherical earth in the center of the 
world, with the planets and stars moving 
in celestial spheres. 

The Greek arrangement of the planets 
has come down to us in the names of the 
days of the week. Students might note 
that many of the names we use are from 
the Teutonic mythology, e.g., Thor*s 
day, and match the characteristics of 
the various gods and god^^lesses in the 
Greek and Teutonic mythologies. Language 
students will note that the day names in 
French and Spanish and Italian are close 
to the original Greek names. 



Sec. 5.6: A Sun-Centered Solution 



a sun-centered system (Chapter 6) and to 
refute the argument m the Almagest 
against Aristarchus. 

Figures 5.10a and 5.10b show the 
earth and a planet moving m circular 
orbits around the sun. The earth moves' 
faster. Figure 5.10a shows that at 
point 1 the planet has a relative motion 
ahead (eastward) from the earth. At 
points 2 and 6 for .^-oth the earth and 
planet the components of motion perpen- 
dicular to the sight-line are equal, so 
the planet appears to be moving backward 
(westward or retrograde). At point 7, 
like point 1, the planet is seen to be 
moving eastward again. 

See resource section, p. 140 for 
note on the sizes and distances to the 
sun and moon by Aristarchus. 



Sec. 5.7: The Geometric System of Ptolemy 

During the 500 years between Plato 
and Ptolemy the Greeks had made great 
achievements in geometry. Ptolemy ap- 
plied some of these in his attempt to 
find ways to predict precisely the posi- 
tions of the planets. He was willing 
to sacrifice Plato's assumption of uni- 
form angular motion around the centers 
of circles for greater precision in his 
predictions. Emphasis was upon the 
longitudes, or position along the eclip- 
tic, rather than upon the latitudes, or 
positions perpendicular to the ecliptic. 
The latitudes could be predicted, at 
least roughly, by tilting the planes of 
the epicycles a bit from the plane of 
the ecliptic. 

Our intent is not to stress the de- 
tails of the various geometrical devices 
used by Ptolemy, but rather to indicate 
his ability to introduce many different 
types of motions to satisfy the increas- 
ingly more precise observations. To 
satisfy a variety of cycles found in 
planetary motions, Ptolemy introduced a 
variety of geometrical model?: the ec- 
centric, epicycle and equant. His com- 
putational devices solved geometrically 
problems for which we would use equations 
in trigonometric terms of sines and co- 
sines of various angles, with constants 
to give the amplitudes of terms. (An 
overhead projection on the eccentric 
should be available for class use.) 

See resource flection, p. 140/ for 
notes on epicycles. 



Through the Almagest which circulated 
among scholars and students in the Middle 
Ages, the idea of a heliocentric system 
was known. Copernicus tried to defend 
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Sec. 6.1: The Copemican System 

Since both the Copemican and the 
Ptolemaic systems had to account for the 
bcirtie observations, the two systems had 
about the same number of motions . Co- 
pernicus also used Ptolemy's numerical 
constants which described the magnitude 
of the motions. Consequently, the Co- 
pemican system was no more precise than 
the Ptolemaic system it proposed zo re- 
place. 

But increased precision was not really 
Copernicus' primary intention. He wished 
to purify the model, to describe all the 
motions on the basis of combined uniform 
circular motions. 

Copernicus had been requested by Pope 
Paul III to assist in the reform of the 
calendar, which resulted later in the 
Gregorian calendar in current use. But 
Copernicus declined, claiming that a 
better calenaar should be based on an 
improved system for predicting celestial 
events.. Some idea of the complexit ' of 
forming a calendar for civil and re^'.- 
gious purposes is included in the article 
"Calendar" in the Encyclopaedia Britan - 
nica . 

Abe It 1530 Copernicus prepared and 
circulated to a few friends the Com - 
mentariolus , which was a sketch of his 
proposed system. Through it a number of 
people learned a bit about the ideas he 
was developing. Later in his Revolutions 
Copernicus made some changes in the argu- 
ment and added other, small pyclic mo- 
tions, perhaps as a result of criticisms 
from bis friends. 



Sec. 6.2: (Mew Conclusions 

The orbital distances for Mercury and 
Venus were found from the maximum angu- 
lar elongations from the sun, as Fig. 
6.4 (a and b) indicates. An optional 
experiment, E19 uses such observa- 
tions to yield an orbit for Mercury. 
The orbit of V'^nus is almost circular. 

Orbital distances for Mars, Jupiter 
and Saturn were found by replacing their 
large annual epicycles by a single an- 
nual revolution of the earth. Then, as 
Fig. 6.5 indicates, the orbits (deferents) 
of planets would be moved inward or out- 
ward from their positions on the Ptolemaic 
system. Table 6.3 shows the arithmetic. 

As the table below suggests, students 
can work out their own approximate values 
from measurements on Fig. 5.15 (which 
was not intended to be exact) . 
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Derivation of Planetary Orbits from Fig. 5. IS 



Obiect 


Din meter 
Epicycle, 
cm 


Ratio 
Sun/ 
Planet 


Rndius* 
Deferent, 

cm 


Rndius , 
AU 


Sun 


2.00 


1.00 


1.00 


1.0 


Mars 


3.25 


0,61 


2.62 


1.6 


Jupiter 


2.15 


0.93 


5.40 


5.0 


Saturn 


1.45 


1.38 


7.25 


10.0 



*The d iame ters of the deferents are not shown in 
the figure. 

While the details of these calcula- 
tions will interest some students, it is 
more important for all students to real- 
ize that the heliocentric model allowed 
such results to be obtained — for the 
first time in history. 

At the end of this chapter we raise 
questions about the reality of these or- 
bits. Certainly they seem much more 
"real'^ than the computing devices used 
by Ptolemy or the transparent crystal- 
line spheres proposed earlier. 

See resource section for note on deri- 
vation of periods. 

Sec. 6.3: Arguments for the Copemican System 

In some ways the Copemican system 
was relatively simple, but in its de- 
tails this system was just as complex as 
the Ptolemaic. The simplicity is essen- 
tially aesthetic or philosophical, i.e., 
the basic idea as shown in Fig. 6.2 is 
simple. Yet the computations needed to 
make precise predictions v;ere just as 
complex as ever. In this "messiness" 
lay the motivation of Tycho Brahe and of 
Kepler to attempt to find a simpler 
model . 

Useful bacKground reading would be 
Chapter 1 of Herbert Butterf ield's The 
Origins of Modern Science , Collier 
paperback AS259V, revised edition. 

Sec. 6.4: Arguments Against the Copemican System 

Members of all the religious groups 
attacked Copernicus; the attacks and 
ridicule were not limited to any one 
group. As the religious leaders real- 
ized, if the sun were the center of the 
system, the stars must be very far away 
and very luminous, perhaps even them- 
selves suns. If they were suns, they 
might have planets, and these might have 
intelligent life. This idea, that there 
might be other planets around other 
stars, was called the Plurality of 
Worlds. Then the earth and our religious 
experiences here iright not be unique. 
The possibility of life existing on bod- 
ies other than the earth was voiced only 
slowly, in England by Thomas Diijges and 
on the continent by Giordano Bruno — who 
was burned at the stake for heresy in 
1600. The paper by Anatole France in 
the reader i.s relevant here. 
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Sec. 6.5: Historical Consequences 
Follow text. 



Sec. 6.6: Tycho 

As you know, a star is new only in 
the sense of being observable or conspi- 
cuous. Current explanations describe 
the proces' as one in which the star's 
content Oi: hydrogen has gradually been 
consumed to the point that the outward 
radiation pressure within the star no 
longer balances the gravitational attrac- 
tion toward the center of the gaseous 
star. Then the star collapses. The 
process overshoots, very high central 
pressures are developed and the star 
flares up for a few years. Part of the 
outer envelope is blown off and may 
later be detected, for fairly nearby 
novae, as whispy filaments of outward 
ipoving gas. Apparently such stars even- 
tually settle down as "white dwarfs," 
having surface temperatures around 
10,000** C and internal specific gravi- 
ties of 10^ or 10^, but still gaseous. 

Other stars seem to have much greater 
outbursts and become super novae. For a 
few years their luminosity — actual out- 
put of radiant energy — may be as great 
as 10® that of our sun. These stars 
collapse into strange bodies that are 
often the source of intense radio waves — 
detected only recently with the develop- 
ment of radio telescopes and masers • 
The novae observed in 1572 by Tycho, and 
in 1604 by Kepler and Galileo, were both 
supernovae. The supernova observed in 
Taurus in 1054 A.D. has resulted in the 
Crab Nebula. There is evidence that the 
Indians in western America saw this event 
and cut in a rock face the symbols of a 
star and the crescent iroon. What else 
could have been so impressive that it 
produced this rpcord? Probably a star 
like this supernova was visible during 
the day. From oriental records and re- 
cent computations, it has been found 
that the nova appeared in July 1054 near 
the crescent moon. 

Tych o Uraniborg might be likened to 
one of our present lar^e research centers 
supported by the government; perhaps the 
Brookhaven Laboratory, the Lawrence Lab- 
oratory, the Argonne Laboratory, CERN in 
Switzerland, etc. An article in the 
February 1961 Scientific American , 
p. 118, discusses Tycho' s observatory. 

Tycho observed that the comet of 1577 
(as mentioned on p. 43) showed no geo- 
centric parallax when viewed simultane- 
ously from places hundreds of miles 
apart. Because the moon's observed posi- 
tion is different over such a baseline, 
the comet must be farther away than is 
the moon. Perhaps some discussion of 



the many superstitions surrounding the 
unexpectedness of comets would be use- 
ful to suggest the variety of ways by 
which people interpret unexpected events. 
(The writings of Shakespeare contain 
many allusions to astronomical events as 
omens.) We still have many rudiments 
of such superstitions in us; but in- 
creasingly we may be conscious that we 
are reacting fearfully on the basis of 
unwarranted assumptions about the world. 
Refer students to the paper by Gingerich 
m the reader for Unit 2. 

Figure 6.10 shows the apparent path of 
Halley's Comet in 1909-10 plotted on a 
star map showing some of the brighter 
stars. Note especially the changes in 
the motion of the comet. From November 
until April it moved westward, slowed 
down and remained almost stationary for 
nearly a month. Then, during only a few 
weeks in May 1910, the comet quickly 
moved across the sky nearly 180**. Notice 
also when the comet crossed the ecliptic 
from south to north (about January 25, 
1910) , and again from north to south 
(about May 19, 1910) . 

Interested students might read about 
comets and how they are studied. (See 
references.) The December 1965 issue of 
Sky and Telescope featured photographs 
of this bright comet of 1965. 

Sec. 6.7: Tycho's Observations 

As we saw earlier, accurate observa- 
tions were not available to Copernicus 
who relied mainly upon the records of 
Ptolemy. Yet these old observations 
had been made by different men at dif- 
ferent times. Scliolars still discuss 
the extent to which the observations in 
the Almagest were made by Ptolemy or 
were in part adopted and corrected from 
earlier work by Hipparchus about 150 
B.C. Tycho concluded that new anc* more 
precise observations made over a number 
of years were essential before any new 
description of planetary motions could 
be created or judged. 

The sections on Tycho's equipment 
might stimulate some students interested 
An mechanics and equipment design. The 
inherent limitations of our eyes also 
could be investigated by reading, or by 
a project for those interested. 

Atmospheric refraction is indicated 
in Fig. 6.13. See resource section for 
notes on refraction and the atmosphere, 
p. 143. 

Sec. 6.8: Tycho's Compromise System 

Tycho's observations were planned as 
the basis for the development of a new 
model of planetary motions. Although he 
died before much of the analysis could 
be completed, his general idea of a sys- 
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tem IS that indicated m Fig. 6.16. The 
planets moved about the sun^ but the sun 
r^oved about a fixed earth. In terns of 
describmq the observed planetary Jaotion, 
Tycho's system was equivalent to Co- 
pernicus' . However, it had one further 
advantage: no stellar parallax would be 
expected. A discussion would be profit- 
able about why Tycho's system was' not 
widely adopted. 

At the end of the section we intro- 
duce the important question; are scien- 
tific models descriptions of reality, 
or only convenient computational devices? 
Th3 Ptolemaic system permitted computa- 
tions of the positions of the planets; 
it did not attempt to describe reality. 
The reality of the heavens was visualized 
by the Greeks and by medieval man m 
tf.rms of crystalline spheres; this is 
the vision described by Dante in the 
Divine Comedy (1300). But Copernicus 
and Tycho raised the question of the 
real motions of the pianets . Here as 
well as elsewhere in the text, we raise 
the question about the reality of con- 
clusions based on scientific theories. 
The point should not be omitted in class 
discussion. 



across the sky, oblivious to Kepler's 
efforts, the troubles must lie with the 
theory .n^akers. Therefore,, he was oblicod 
to look at the problem in a new way. 
This is always difficult for us, but 
Kepler did it. 

His work, both unsuccessful and even- 
tually successful, involved a staggering 
amount of labor because the matheinatical 
techniques of his time were cumbersome. 
This labor is suggested by the reproduc- 
tion on p. 54 of a page from Kepler's 
notebooks. 

Kepler was caught in the middle of 
the religious conflicts of ^he Thirty 
Years War and the struggles between the 
Catholics and Protestants. At best he 
had a difficult time earning a living, 
despite the promises of the king. The 
witchcraft trial of his mother might be 
paralleled with the similar occurrences 
a bit later in the American colonies. 
This is an indication of the cultural 
and social context within which Kepler, 
and also Galileo, were working. (The 
popular book on Kepler by Max Caspar 
might interest some students; see refer- 
ences.) 



Sec. 7.1: The Abandonment of Unifornn Circular Motion 

Kepler v;as a strange blend of mystic 
and scientist with a deep Pythagorean 
feeling for the numerical perfection in 
the world and the music of the spheres. 
His early paper on the spacing of plan- 
ets and his later work on the third law 
suggest that sometimes scientists begin 
with aesthetic or artistic premises. 
The recent stress upon "symmetry" in 
particle physics is another example. 

Due largely to the fact that Kepler 
inherited all of Tycho's data on Mars 
and had access to the writings of pre- 
ceding -astronomers, the time was ripe 
for new ideas not prejudiced by the as- 
sumption of unifc--m circular motion. 
Ycu might remind students that ii many 
instances m life one may be forced to 
reexamine early assumptions and perhaps 
to replace them. 

Tycho and Kepler, seen in historical 
perspective, made an ideal pair. Tycho 
stressed the importance of improved ob- 
servations and devoted his life to ob- 
taining such observations. Without them, 
Kepler would have been in the same dif- 
ficulties as had been his predecessors. 

After more than 70 unsuccessful 
trials Kepler found that he could not 
fit the observations with any combina- 
tion of circular motions. Perhaps you 
would wish to dramatize the situations 
in which Kepler found himself. He felt 
that some satisfactory solution could 
be found. Since Mars continued to move 



Sec. 7.3: Kepler's Law of Elliptical Orbits 



On page 57 we quoted Kepler's comment 
that, "Mars alone enables us to penetrate 
the secrets of astronomy which otherv;ise 
would remain forever hidden from us." 
This almost surely refers to the sizable 
eccentricity of the orbit of Mars (e = 
0.09). Of the outer planets, only Mars 
is near enough to be studied accurately 
by Kepler's triangulation method. Al- 
though Mercury has a more eccentric or- 
bit (e = 0.21), studies of it wore 
practically impossible; Mercury is only 
seen in the twilight when few stars can 
be observed tc determine accurate posi- 
tions. Today telescopic observations of 
position can be made of Mercury and even 
of bright stars in the daytime. Of 
course, Uranus, Neptune and Pluto were 
unknown at the ti.me of Kepler. 

An excellent background on the mathe- 
matics of conic sections appears in the 
SMSG publication: Intermediate Mathe- 
matics , Teacher *s Commentary (Unit 19), 
Yale University Press, New Haven, 1961. 



Sec. 7.4: Using the First Two Laws 

Each of thj factors in Kepler's state- 
ments are thenselves concepts several 
steps removed from the actual astronomical 
observations. Careful definitions are 
necessary for such concepts to match ex- 
plicitly with observations. 



36 



Background and Development 
Chapter 7 



Sec. 7.5: Kepler's Law of Periods 
Follow text. 



Sec. 7.6: The New Concept of Physical Law 

Kepler's work reflects the change 
from a mystical interpretation of how 
the world ought to be to a reliance upon 
observations as the final basis for de- 
cisions. He had a growing feeling that 
some mechanism was essential to move 
the planets. Vie know that he often 
wrote to Galileo, but that after a few 
letters from Galileo the correspondence 
was one way. Why Galileo did not ac- 
cept the elliptical orbits of Kepler is 
difficult to understand; except, as one 
authority noted, Kepler wrote in a 
flowery style and was often most diffi- 
cult to understand. Unfortunately, his 
major contributions are buried in masses 
of words. (Is there a moral in this for 
your students? Have they examined some 
technical writing in science in profes- 
sional journals?) 

In the historical study of science, 
it is often difficult to establish v;ho 
actually had an idea first. Ideas often 
grow as various men consider them and 
their consequences. The idea of the 
universe operating like a clockwork, or 
a giant machine was also implicit in the 
sequence of invisible celestial spheres 
proposed by Eudoxus, Chapter 5. How- 
ever, Kepler's analogy is important be- 
cause, as Chapter 8 shows and other more 
recent quotations indicate, this idea 
became firmly entrenched. Perhaps the 
ultimate form of the idea wao the state- 
ment of one later scientist zo the effect 
that — if he knew the initial positions 
and velocities of all the bodies in the 
universe, he could accurately predict 
the future of the universe. The great 
success of NewtOiiian mechanics, discussed 
in Chapter 8, supported such a mechanis- 
tic view. Only within the current cen- 
tury have physicists been obliged by new 
types of observations to abandon such 
sweeping general assect.ions; see Units 4, 
5 and 6 . 



Sec. 7.7: Galileo's Viewpoint 

A number of lines of evidence, in- 
cluding Galileo's work in mechanics and 
the astronomical models of Copernicus 
and Kepler, were undermining the premises 
on which the Aristotelian? based their 
arguments. Even such men as the poet 
and writer John Milton in England were 
aware of what was happening. Milton 
made a journey to southern Europe and 
visited Galileo during the summer of 
1638. In the quoted section of Paradise 
Lost the poet raises the question which 
had been rejected by the Ptolemaics. 



Galileo was incensed that his contem- 
poraries would not even use the tele- 
scope and try to refute his observations. 
They remained entrenched in their own 
ideas and wouldn't consider either chal- 
lenging them by looking for themselves 
or accepting his reports. We all experi- 
ence great difficulty making a ma^or 
shift m concepts. Certainly, the shift 
from an earth-centered universe to a 
sun-centered system was gigantic in its 
implications. Can students suggest 
other comparable shifts in interpreta- 
tion that have caused us to reorient our 
interpretation of the world and man's 
place in it? Do not restrict the list 
to those shifts which seemed to appear 
abruptly. Even the sun-centered system 
required nearly 1800 years to oe con- 
sidered seriously. Possibilities : de- 
termination of the age of the earth, the 
Darwinian theory of evolution, relativity, 
Freud's psychological theories, etc. 

Sec. 7.8: The Telescopic Evidence 

Figure 7.13 shows two of Galileo's 
telescopes preserved in a museum. Gali- 
leo saw and interpreted many new objects. 
His conclusions are even more important 
than his drawings of what he sav;. Pos- 
sibly others could have viewed the moon, 
but not found the moi itains he recog- 
nized. The difference bety«en raw data 
and interpretation might be developed. 
Although new instruments permit new ob- 
servations, instruments only provide data 
which must be interpreted* 

Sec. 7.9: Galileo's Arguments 

Follow text. 
Sec. 7.10: The Opposition to Galileo 

Follow text. 

Sec. 7.11: Science and Freedom 

Students may want to report on the 
history of the Catholic Church in the 
seventeenth century and to compare it, 
perhaps, with the Church in the twenti- 
eth. Others may want to discuss the 
rise of the Protestant groups. V'ould it 
be likely that a community hospitable to 
the foxiowers of Martin Luther or John 
Calvin would be hospitable to new ideas 
in science? 

Do not attempt to create a "hero and 
villain" image of Galileo and the Church, 
for this is only divisive. Rather try 
to have students examine the known facts 
objectively and conclude that there 
probably was error and provocation on 
both sides. The book by de Santillana 
(see bibliography) presents Galileo as 
a martyr. Is it a fair position? 
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Chapter 8 

Perhaps the persistent question that 
might be raised is whether this great 
theory (universal gravitation) is ever 
"proved." Hopefully, students will con- 
clude that a rigorous proof is not pos- 
sible- Yet in spite of this, the theory 
seens to work well; it explains so much 
that is known and predicts so many other 
phenomena and quantities - 

Tne arguments follow rather closely 
to Newton's, although some have been 
modified, or created in the spirit of 
Nev/ton for this discussion. 

The emphasis here is upon, .the growing 
acceptance in northern Europe of the 
"new philosophy" of empirical, experi- 
nental science. In addition to the Royal 
Philosophical Society of London, in 
France there was the Academie des Sci- 
ences, in Italy, the Accademia de Lincei 
(Lynxes) at Rome and the Accademia de 
Cimento, at Florence. The scientific 
societies, first in Italy and then in 
England and France, were important be- 
cause they allowed scientists to work 
and argue together and to publish jour- 
nals that could be sent to their col- 
leagues in other countries. Stress how 
the work of many people is related, as 
illustrated by the quote on page 77 from 
Lord Rutherford and demonstrated by the 
achievement of Newton. 

Sec- 8-1: A Sketch of Newton's Life ' 

Follow text. 

Sec- 8-2: Newtor/s Principia 

The first edition of the Principia 
was publisned in 1686. The second edi- 
tion in 1713 included many corrections 
to the first printing, some new argu- 
ments, and considerably more data on 
comets based mainly on Halley*s work. 

Various authors have repeatedly 
pointed out that Newton dii not attempt 
to explain gravitation. He postulated 
an inverse square force of attraction 
between bodies — and it worked. He did 
not know how it worked or why it seemed 
to be associated with masses. In his 
famous General Scholium at the end of 
the Principia he observed that "he 
framed no hypotheses" — on the nature of 
gravity. He was concerned, but had no 
conclusions that he wished to present. 

At this point you may wish to ask stu- 
dents about the usefulness of an unde- 
fined concept such as gravity. We can 
measure its effects, predict the outcome 
of certain experiments, and in cjeneral 
make some use of gravity — yet we do not 
know what it is. Einstein was working 
on a unification of several aspects of 



gravity at the time of his death- Peoole 
no'A involved m this research have still 
not explained gravity. 

Sec- 8.3: A Preview of Newton's Analysis 

One of the exciting understandings 
that can come out of this section is that 
the 7reat scientific geniuses like Nei-'ton 
and G<xlilf>o were great synthesizers of 
ideas. V;hy didn't his contemporaries 
come tr the sane conclusions? How nay 
one analytical mind tend to operate dif- 
ferently from another on the same set of 
data and laws? 

Point out the shift in Newton's as- 
sumptions; first, from the Greek notion 
of circular motion as perfect to the 
inertial circular motion of Galileo dis- 
cussed in Chapter 4; then, to Newton's 
definition of inertial motion in an op- 
tically straight line. Added to thxS is 
Newton's idea that circular motion is 
caused by a force in action, an idea 
which he extended to include the ellipti- 
cal motion of Kepler's laws. 

The origins of the great generaliza- 
tions of science can be traced in preced- 
ing decades- Tliis preview of Newton's 
analysis should emphasize the importance 
of the historical background leading to 
Newton's great synthesis of his laws of 
motion and of universal gravitation. 
The barrier between celestial and terres- 
trial motions set up by Aristotle was 
gradually being broken down. Tycho Brahe 
located comets beyond the moon. Kepler 
replaced "perfect" circular motions by 
those in elliptical orbits. Jeremiah 
Horrocks, born in the year Kepler's third 
law we J published, entered Emmanuel Col- 
lege of the University of Cambridge at 
the age of thirteen. When nineteen and 
curate of Hoole in Lancashire, he applied 
Kepler's first law to the motion of the 
moon around the earth and even showed 
that the eccentricity of its orbit 
changed periodically and the major axis 
of the ellipse slowly rotated. This was 
25 years before the youthful Newton con- 
ceived his ideas on universal gravitation, 
which he did not publish for another 20 
years . 
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Sec. 8.4: Motion Under a Central Force 

One of the ma^or difficulties your 
students may encounter in the geometric 
development of Newton's argument is the 
inability to see how the way of measur- 
ing the triangular areas changes.. To 
minimize this difficulty, make use of 
Fig. 8.3 which demonstrates how each 
side of a triangle may be used as a base, 
and how a perpendicular may be dropped 
from each vertex. This figure should be 
associated especially with the second 
paragraph of point 2 of the text: "These 
have equal bases, PQ and QR;, .." 

It might also be a good idea to have 
the students refer back to the contrast 
listing of Newton's and Kepler *s laws 
on p . 82 while the geometrical argument 
is being developed. Emphasize the un- 
expectedness of the conclusion that the 
law of areas holds even when no central 
force is acting. 

It might be useful to see Newton's 
original development of this argument 
on pp. 40-55 of Book I of the Principia 
(in Vol. I of the edition mentioned in 
the bibliography). While they will not 
be able to follow the text, at least the 
wording of the propositions and scholiums, 
and the illustrations will serve to dem- 
onstrate how neatly Newton tied his ar- 
gumentative package. 

The universal law of gravitation was 
a very bold proposal.. Take advantage 
of this to dramatize the audacity of New- 
ton to propose the universality of phys- 
ical laws whose action, could generally 
only be observed on t*ie earth. The people 
of Newton*s time were still bound by the 
concepts of separate worlds and other 
Aristotelian doctrines. 

Sec. 8.5: The Inverse-Square Law of Planetary Force 



Follow text 
Sec. 8.6: Law of Universal Gravitation 

The discussion raises the question of 
action at a dir-tance. Note the quota- 
tion from Newton on the middle of page 
91. Direct the student's attention to 
the- fact that from the observations of 
Tyjho and the empirical relations of 
Kepler and of Galileo, Newton had been 
able to fashion an exceedingly general 
and abstract description of heavenly mo- 
tions. But in the process, he had bean 
obliged to postulate the gravitational 
force which he could not explain. In 
much of science, as in mathematics, 
there are some postulates and axioms 
which cannot be anlyz'Sd within the prob- 
lems to be considered. Occasionally 
somebody comes along who can interpret 
one or more of these axioms *^y a more 
basic proposition. 



Descartes' theory of vortices was 
first published in 1644 and received a 
wide acceptance on the continent. An 
English edition was finally published in 
London in 1682 — before the Principia 
was published. 

This theory was a popular non-nathema- 
tical statement, read by large numbers 
and readily accepted as a better explana- 
tion than none. It sounded good and was 
not too radically different from the 
Aristotelian attitudes on which the 
people had been raised. 

Descartes' theory was widely taught, 
even at Cambridge, long after the publi- 
cation of the Principia ! It might be 
interesting to point out that Voltaire's 
famous essay, "Elements of Newtonian 
Philosphy," was banned in France, because 
the man in charge of permissions to 
publish was a Cartesian. 



Sec. 8.7: The Magnitude of Planetary Force 

Note that the discussion of geometric 
points in the case of Kepler's law of 
areas changes to discussion about the 
masses of stones and planets. The idaa 
of '*mass" has already been introduced by 
Newton's second law of motion. Note 
particularly t '^ argument on pp. 93-94 
that it is the mass of a body that is 
tied in with the notion of gravitational 
force. This argument really marks New- 
ton's great contribution — a big leap in 
understanding — from a consideration of 
the direction of the force to that of 
the amount of the force. 

The gravitational constant g serves the 
same function as any constant which 
changes a proportion into an algebraic 
equation. In the case of equations in- 
volving physical quantities, the constant 
also serves as a "balancer" of units. 
It might be worthwhile to remind the 
students at this point that symbols which 
stand for physical quantities are not 
sacred cows, and that they only mean 
what you want them to mean. It could 
also be pointed out, for example, that 
this same kind of operation involving 
a constant turns up in the algebraic 
form of Kepler's third law, where 
T^ 'V a^ becomes T^ = ka^. 
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M T 2 2 
-1 - . (3il 9 
" T^2 (1)2 



.celeration of gravity is proportional to 
Let be the radius of the earth and 

c.ie acceleration of gravity at the earth* s sur- 
face. Then the acceleration g at a distance R 
from the center is 



8p R2 



so that 



(a) For g = I gg , 

This is about 0.15 R = 960 km above the 
earth' s surface, 

(b) For g = ^ g 



R = ^/Fr- =: 1.41 R^ 

This is about 0.41 R = 2,600 km above the 
earth's surface. 



(c) For g = i 



R = ^ = 2 Rg 



This is one earth radius (about 6,400 km) 
above the earth's surface. 



m suc^ 

The value on the earth, 9.80 m/sec2, is 6.20 
times greater. 

(b) On the moon, the 72-kg astronaut weighs 
approximately: 

W = mg = 72 X 1.58 = 114N 
His mass doesn not change. 



8.9 

(a) For there to be no net force, the forces 
exerted on the satellite must be equal in magni- 
tude (and opposite in direction). 

GM m 



Sun - Satellite force = F = 

s R 



Jupiter - Satellite force = F_ = ^-r- 

J R T 2 



But these two forces are equal. 



GM m 
s 

R 2 
s 



Hj = 1.90 X lO^^kg 
M^ = 1.99 X 103 0kg 

R /M \k 
_s r 

M 



R = 32.4 



Therefore R is 32.4 times greater than R,. 
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Sec. 8.8: Testing a General Law 

How can certain quantities be mea- 
sured? How exact must measurements be 
in order to insure the validity of a 
physical law? V-;hat different kinds of 
errors lie in waiting to trap the physi- 
cist? How can he deal with such errors? 
You might point out that when Newton 
first solved the earth-moon proble i 
(which is discussed in Sec. 8.9), he got 
a wrong answer (off about 10%) bocause 
he used an incorrect value for the 
earth's radius; in disgust, he put his 
work away, thinking that his conceptual 
approach was wrong. Some time later, a 
new, more exact measurement showed his 
theory to be valid. 

In infinitesimal calculus we "chop" 
a quantity into a large number of very 
tiny pieces, so small that each is vir- 
tually like the next. In a sense, this 
is the imaginative process of "averaging 
out" on a microscopic scale. It might 
be helpful for the class to look back at 
the concept of instantaneous velocity 
in Unit 1. 

They should be able to see that the 
breaking-up of the time measurement into 
tiny At's is exactly parallel to what 
Newton did with spherical masses in 
order to arrive at the concept of the 
mass-point. 



Sec. 8.9: The Moon and Universal Gravitation 

The student has already learned in 
Experiment 14 that special measurement 
techniques must be used in astronomy, 
where the bodies being observed are far 
away. Later in the course, for example, 
it will be shown that the sun's tempera- 
ture can be measured without using a 
thermometer. You miaht evpn arV 



The experiments that man can carry 
out in order to determine that C is a 
universal constant are limited m number. 
The extension to universality must be 
carried out in terms of a kind of well- 
sustained faith. Such a conclusion may 
come as a shock to those students who 
feel that science is a cut-and-dried 
rational process that has little or no 
room for imagination or statements based 
upon "revelation"; you have a ready-made 
"situation" for an exciting discussion. 



Sec. 8.11: The Tides 

Some of your students may have dif- 
ficulty in understanding the concept of 
differential forces in the case of the 
sun's pull versus that of the moon on 
the earth. They ought to see that this 
difference is really a function of dis- 
tance. Even though the gravitational 
pull of the sun on the earth is much 
greater than that of the moon, tne sun 
does not "distinguish" between the near 
and far side of the earth. Where the 
sun does not exert significantly differ- 
ent pulls on the near and far sides of 
the earth, the moon does. 

If one simply had all the data for 
high and low tides from different parts 
of the earth, would that information be 
enough for the formation of a general 
predictive theory for the tides? In 
what way does the principle of universal 
qravitation become a "breakthrough" here? 



Sec. 8.12: Comets 

Students will Le able to find allusions 
to comets as omens in Shakespeare, Chau- 
cer, Julius Caesar, and in all kindle of 



ever, will change and not be a very stable one. 

(d) A satellite even farther from Jupiter 
would have an even more unstable orbit, and 
would probably eventually escape from being a 
satellite of Jupiter. The several outer satel- 
lites of Jupiter may be asteroids which have 
been captured temporarily as satellites of 
Jupiter . 



(b) From Unit 1 we know that F = ma and that 
the acceleration in circular motion Is 

a = ^ (Eq.. 8.6). 



Then 



F s ma = — 



(m Is the mass of the 
satellite) . 



8.10 

Since the surface gravity depends on the mass 
and radius of the planet, we need to compare these 
values for the two planets. 

(a) Let planet A be the smaller one. 



Therefore 



2R. 



The density P = 
be equated: 



mass 
volume 



M. 



for the two planets can 



"b 



This force Is tho same given by the law of 
gravitation: 

m4n^R GMm 
X2 = HP 

The mjjss of Mars Is then 

M = (Eq. 8.10). 

Since the mlts of G are In the MKS system, 
we must convert R and T: 

T - 7hrs 39mln = 7hrs x 3.6 x 

10^—^ + 39mln x 

hr mtn 



_A 

"b 



8R,3 



Since 



mg 



I 
8 

GMm 
R2 



we can make the ratio 



rng^ 



GM,m 
A 

rXgi 



Substituting, 



< ^V X 1 

R,2 X 8 
A 



T = 2,77 X I0**sec 

R = 5,800 miles - 5,800 miles x 

U61 X 10^-77- = 9.34 x 10^ m 
mile 

G = 6.67 X 10-1 %.m2/kg2 



M 



4£R: 
GT2 



4tt2(9.34 X lO^m)^ 
(6.67 X 10-llN.m2/kg2(2.77 xl&*sec)^ 

M = 6.7 X lo2 3- ""^ 



TT. sec^ 
fipc^ kg^ 

M 6.7 X I02 3kg2 
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Should any students wish to niake a 
model of the comet's orbit,, the elenents 
(based on early observations) are: 

T October 21. 18, 1965 
q 0.00777 AU 
i 141.8° 
:i 345.9° 
068.7° 

Similar sun-grazing comets were ob- 
served in 1880, 1882, and 1887. They, 
like 1965f, showed partial disintegra- 
tion into several nuclei at about the 
time of perihelion passage. Because 
they all have periods which are essen- 
tially infinite, these could not possibly 
be reappearances of the same comet. 

It is interesting to note that already 
computations are being made for the modi- 
fied orbit of Halley's comet when it re- 
turns in 1986. The first part of the 
computation is based upon 2,800 observa- 
tions made during the two-year appearance 
of the comet during the period, 1909-1911. 
Even during this time, the comet's orbit 
was changing its shape, size, and orienta- 
tion (v.'hy?) . We can only observe Halley*s 
comet during 2 years of its 75-year trip, 
while it is inside the cr^it of Jupiter., 
The othftr 73 years are spent at greater 
distances from the sun. 



Sec. 8.13: Relative Masses of the Planets 

The reason that the masses of the sun 
and Jupiter can be compared is that 
Jupiter acts like a miniature solar sys- 
tem (this was Galileo's immediate thought 
upon identifying the satellites of Ju- 
piter) . The only difference between 
the sun system and the Jupiter system, 
insofar as Kepler's law is concerned, is 
that each k involves a different central 
mass. As long as we can measure the 
R and T for a revolving body in each 
system, the two central masses can easilv 



Background and Development 
Chapter 8 

they could not exist withcat a gravita- 
tional field. In descricmg ther, wo 
should write W = iri^ao and 



*g " R-" 

Sec. 8. 15 The actual masses of 
celestial bodies 

As long as Newton had to depend upon 
the use of ratios, without G entering 
into the quantitative results ne obtained 
his statement about gravitation was real- 
ly a hypothesis Once G was measured, 
the hypothesis could really be called 
a law, since all quantities m the state- 
ment were now measurable . 



Sec. 8.16: Beyond the Solar System 
Follow text. 



Sec. 8.17: Some Influences on Newton's Work 

Flamsteed was the first Astronomer 
Royal, appointed after the establishment 
of the Royal Astronomical Observatory in 
1675. Note that Surveyor I landed on 
the moon in the crater named for Flam- 
steed. Halley succeeded Flamsteed upon 
his death in 1720. The French had al- 
ready founded a national observatory in 
Paris in 1671. 



Sec. 8.18: Newton's riace in Modern Science 

Some students may want to look up 
references relatud to the Encyclopedist 
movement in France, begun by Denis 
Diderot; also, the influence of Newton's 
work upon the great Voltaire is worth 
some research. A good encyclopedia will 
certainly have much to say about this 



G 6.67 X 10-^ ^N.m2/kg2 
Mg. = 5.96 X lO^^g 

Mj^ = 6.58 X lO^^g 

R = 5.6 X iQlOm 
= 6.67 X 10"^ ^N.m2/kg2 x 5.96 x 

(5.6 X 10l^m)2 
F = 8.3 X itf On . 
the force ot the earth on Mars . 

» 1.91 X 102 7kg 



R2 = 4.90 X loMjn 



F = 6.67 X 10"^ ^N.m^/kg^ x 6.58 x 

10^ ^kg X 1.91 X 102 7kg 
(4.90 X 101 lm)2 

F =: 3.5 X 1017^ . 

the force of Jupiter on Mars» 

(c) The force on Mars due to Jupiter is 
greater than the force due to the earth. There- 
fore Jupiter has on the average the greater ef- 
fect on the motion of Mars. 



8.13 



F « ma « where a is the centripetal 
acceleration 



GM 
R2 



(6.6/ X 10-^ ^^*m'^/kg^)(lM ^ lO^sec)^ 
M = 1.86 X io2 7k^ 

8.14 

The first expression came rrom: 



and 



F, . = GMm/R^ 
(grav) 



■(cone) = 



These must be equal for a satellite in 
circular orbit, i : 

F = F 

(grav) (cent) * 



GMm _ mv^ GM v^ 0 GM 

" R » P = R » ^ = r 

2^R 

Now, if T = — , then solve for v: 



G^1 4tt^R ^ 
R *" t2 



Solving for t2, 



4tt2r 3 
GM 



T = 2tt 



GM 



8.15 



Gbkn 



Since F = ^y- and the masses of the balls are 

the same, at the point equidistant from the ball 
along their line of centers the gravitational 
attractions are equal and opposite. 



28 



Aid Summaries 
Transparencies 



Transparencies 



SUMMARY SHEET — OVERHEAD PROJECTION TRANS- 
PARENCIES 



T13 



T14 



T15 



Stellar Motion 

(relevant to Sees. 5.1, 5, 



5) 



Displays a two-sphere universe ex- 
planation of apparent stellar mo- 
tion as observed at mid-northern 
latitudes, the equator and north 
pole . 

Tba Ct-lestial Sphere 
(•elevant to Sees. 5 u. , 5.5, Ex- 
periments 15, 17) 

Illustrates scheme of the celestial 
sphere, indicates che meaning of 
equinoxes and solstices, shows sun's 
path in relation to zodiac and 
gives meaning of declination, right 
ascension and celestial longitude 
and latitude. 



Retrograde Motion 
(relevant to Sec. 5, 



6) 



Explains apparent retrograde (west- 
ward) motion of an outer planet by 
means of heliocentric model. 

T16 Eccentrics and Equants 
(relevant to Sec. 5.7) 

Displays features of geocentric 
schemes of Ptolemy for accounting 
for observed planetary motion. 

T17 Orbit Parameters 

(relevant to Sees. 7.3, 7.4, Ex- 
periments 18, 21) 

Illustrates the six elements that 
define any orbit. 



Transparency Notes 

T13 STELLAR MOTION 



\ i 



t 




After students have observed stellar 
motion directly, and have been made aware 
of the motions observed elsewhere on 
earth by means of photographs (Sec. 5.1),, 
you may present the ancient conceptual 
scheme of the two-sphere universe as a 
model which explains these observations. 
Use each overlay independently to describe 
motions observed at different locations on 
earth. An observer will see all portions 
of the celestial sphere which lie above 
his horizon plane. Of course, the dia- 
grams here are not drawn to scale in or- 
der to avoid mini'^uule dimensions for the 
earth. As a result, the horizon plane is 
drawn through the center of the celestial 
sphere rather than tangent to the place 
of observation . 

Overlay 1 (right) displays three hor- 
izontal circles which represent the paths 
of selected stars attached to the sphere 
a<5 it rotates daily. These circles in- 
dicate the diurnal motion of tne stars 
as seen by an observer in the mid-northern 
la tii t'lidpfi - Snmo cfa*-c i 1 ar%«-sAn*- 
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Transparencies 



T14 THE CELESTIAL SPHERE 




Use ♦-.his transparency to aid in visual- 
izing some of the* features of the two- 
sphere universe. Overlays are relevant 
to Sees. 5.1 and 5.5, as well as to Exper- 
iments 15 and 17, 

Overlay 1 (right) and the base display 
the celestial sphere with its poles and 
equator corresponding to the same posi- 
tions on the sphere of the earth. The 
sun*s apparent path across the skies as 
seen from earth is known as the ecliptic . 
The point of intersection of the ecliptic 
and celestial equator as the sun travels 
from south to north along the ecliptic is 
known as the vernal equinox . The crossing 
occurs approximately on March 21. The 
identifications SS, AE and WS refer re- 
spectively to the summer solstice (June 
21) , autumnal equinox (September 22) and- 
vinter solstice ^December 21) . 

Overlay 2 (top) used with overlay 1 
depicts the zodiac , a belt of twelve con- 
stellations which circle the sky close to 
the ecliptic. Remove overlay 2, retain 
overlay 1 and introduce overlay 3 (left) . 
Use overlay 3 to assist your explanation 
of the coordinate system used in experi- 
ments 15 and 17. Stars and planets in 
the zodiac are easily identified by mea- 
suring celestial longitudes in degrees, 
0® to 360**, beginning at the vernal equi- 
nox and proceeding along the ecliptic . 
Celestial latitudes are measured in de- 
grees,,p*' to SC, beginning at the eclip- 
tic. Remove overlay 3 and introduce 
overlay 4 . 

This overlay piesents another scheme 
for identifying star locations. The hour 
circle of the vernal equinox serves as 
the origin of the coordinate called the 
right ascension . The right ascension of 
a star is measured eastward along the ce - 
lestial equator in hours and minutes 
from the vernal equinox to the intersec- 
tion of the star's hour circle with the 
equator. The declination of a star is 
measured in degrees from the celestial 
equator along the hour circle of the star. 



T15 RETROGRADE MOTION 




This transparency is useful in discuss- 
ing the heliocentric explanation of an 
outer planet's apparent retrograde inotion. 
It is relevant to Sec. 5.6. 

The base transparency is a "view" of 
the sun-centered universe with the speed 
of the earth and an outer planet indicated 

by a "stroboscopic" representation alone 
circular orbits. 

The overlay hinged at the right is a 
blank piece of acetate film. Use it to 
draw sight lines on the transparency at 
positions 1-1, 2-2,... etc. This will 
help to position the planet in the sky 
relative to an observer on earth as both 
planets travel about the sun. 

When the students have seen the step- 
by-step development, introduce overlay 1 
(left) to show a neat finished difawing of 
the development. Remove your drawing and 
discuss the retrograde path. 

T16 ECCENTRICS AND EQUANTS 




Use this transparency to present a 
rapid treatment of the geometrical de- 
vices of the Ptolemaic geocentric model 
of the universe (Sec. 5.7). Do not be- 
labor the details but simply reveal the 
pragmatic value of the devices, empha- 
sizing their function of accounting for 
variations observed in planetary motion 
while at the same time preserving the 
Platonic scheme of uniform angular rate 
at a constant distance from a center. 
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Overlay 1 (right) represents a planet 
moving with uniform angular speed at a 
constant distance from the center 0, Its 
th is a perfect circle and an observer 
c 0 would measure 30* increments in suc- 
^^<jssive equal tine intervals. 

Introduce overlay 2 (right) to relo- 
cate the earth for the eccentric scheme. 
It is. immediately evident that the planet 
does not exhibit uniform speed relative 
to an observer on earth. Remove over- 
lays 1 and 2. 

Overlay 3 (left) introduces the geomet- 
rical dodge known as the equant . The plan- 
et proceeds with uniform angular motion 
about off-center point C but traces out 
a circular path of radius R about point 
0. Bring overlay 4 (l3ft) into view to 
complete the scheme of the equant . Angu- 
lar displacements measured from the bff- 
centered earth will yield results dif- 
ferent from those obtained in the eccen- 
tric device. This was' precisely the need 
for the equant/ viz./ to explain varia- 
tions in planetary motion not accounted 
for by the eccentric scheme. 



T17 ORBIT PARAMETERS 




Use this transparency to enhance your 
discussion of Kepler's first two laws 
(Sees. 7.3/ 7.4) and Experiments 18 and 
21. ^ 

Overlay 1 (right) shows the orbital 
plane of a. planet with the elements of 
an elliptical path indicated: 

c = one-half disjlance between foci 
a = semi-major axis 
A - aphelion | 
P = perihelion I 
(e = eccentricity [e = c/a) ) 

Overlay 2 (left) displays the plane 
of the earth's orbit known as the plane 
of the ecliptic. The remaining elements 
for determining an orbit are shown: 

w = argument of the perihelion 

« = longitude of the ascending node 

i = inclination 



T18 MOTION UNDER CENTRAL FORCE 




A step-by-step geometric presentation 
which parallels the text treatment of mo- 
tion under a central force (Sec. 8.4) is 
presented in this transparency. 

The base transparency displays a 
stroboscopic representation of an object 
traveling to the right witli uniform ve- 
locity. 

Use overlay 1 (right) to illustrate 
Kepler I s law of areas for this uniform 
rectilinear motion example. An observer 
at 0 will see equal areas swept out by 
the moving object as shown by the two 
blue triangles. The areas can be shown 
to be equal since the bases are equal and 
the (dashed) altitudes of both triangles 
are identical. 

Introduce overlay 2 (right). If the 
object is subjected to an (impulsive) 
force at B directed toward 0/ the resul- 
tant motion is toward C. A stationary 
object at B would have moved to B' when 
given the blow. If it had not received 
the blow it would have proceeded to C in 
the same time interval. 

Overlay 3 (right) is now introduced to 
illustrate that the area of the light blue 
triangle is equal to that of the red one. 
With the aid of the construction lines 
you can show that the altitudes of the 
two triangles are equal. The bases of 
both triangles / of course, are coincident. 

Overlay 4 (left) continues the process 
of app3ying small periodic central forces. 
You may illustrate the law of areas by 
writing on the overlay with a wax pencil. 
You may also indicate the eventual path 
which will result if the time interval 
is made vanishingly small and the force 
is applied continuously. 
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Aid Summaries 
Film Loops 

L16 Kepler's Laws 



Film Loops 

(E) = evaluation print. 

(L) = lab-loop; quantitative measurements 
can be made, but these loops can 
also be used qualitatively* 

(R) = release print. 

LlO Retrograde Motion — Geocentric Model 

A machine was constructed in which 
the planet is represented by a lamp 
bulb on an epicyclic arm revolving 
around a deferent; the camera is at 
the position of the stationary earth, 
pointing in a fixed direction in 
space . ( R) 

LlOA Retrograde Motion of Planets 

By animation the retrograde motions 
of Mercury, Mars and Saturn during 
1963 are shown against the stars. 
This loop helps define retrograde 
motion. (R) (L) 

Lll Retrograde Motion — Heliocentric Model 

The epicycle machine is used with 
the camera on an arm revolving around 
the sun; the camera points in a fixed 
direction in space. (R) 



Two planetary orbits in an inverse- 
square force field are programmed 
for display on the CRT; the posi- 
tions of the planets are shown at 
successive equally-spaced time in- 
tervals. All three of Kepler *s 
laws can be verified. (E) (L) 

L17 Perturbations 

The computer is programmed to dis- 
play two motions which take place 
in central fields which are not ex- 
act inverse-square fields. One 
perturbation gives an advance of 
perihelion, as for Mercury's orbit; 
the other perturbation gives a 
catastrophic orbit in which the 
planet spirals into the sun. (E) 



L12 Jupiter Satellite Orbit 

Time-lapse photography, at one- 
minute intervals, of the motion of 
Jupiter's satellite lo. The period 
of revolution can be measured, the 
scale is given, and hence Jupiter's 
mass found. (E) (L) 

L13 Program Orbit I 

A computer is programmed to calculate 
the same orbit that a student cal- 
culates in the laboratory; the re- 
sult is displayed on an X-V plotter. 
Because of the step-wise approxima- 
tion used, the orbit fails to close 
up exactly. (E) 

L14 Program Orbit II 

The computer calculates an orbit us- 
ing many more points than in the 
preceding loop; this time the orbit 
closes up. The display on the X-Y 
plotter is repeated on the face of 
a cathode-ray tube (CRT) . All other 
computer loops in this series use 
CRT display. (E) 

L15 Central Forces — Iterated Blows 

The computer is programmed to give 
sharp Llows to a mass at equal time 
intervals. The blows are directed 
(at random) toward and away from a 
center of force, and the mignitude 
of the blows is also random. The 
law of areas can be verified, (E) 
(L) 
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F6 Universe 

B & W, 26 min, 10 sec, A triumph 
of film art, creating on the screen 
a vast, awe-inspiring picture of 
the universe as it would appear to 
the voyager through space. Realis- 
tic animation takes one out beyond 
our solar system, .into far regions 
of space perceived by the modern 
astronomer. Beyond the reach of the 
strongest telescope, past moon, sun. 
Milky Way, into galaxies yet, un- 
fa thomed, one travels on into the 
staggering depths of the night, as- 
tonished, spellbound at the sheer 
immensity of the universe. Start- 
ing point for this journey is the 
David Dunlap Observatory, Toronto, 
Seventeen film awards, including 
International Film Festival, Cannes, 
France; International Film Festival, 
Edinburgh, Scotland; British Film 
Academy, London, England. National 
Film Board of Canada, available 
from NASA Films, 

F7 Mystery of Stonehenge 

This film could be shown to awaken 
interest in the explanation of such 
structures built long ago. The film, 
B & W, is available from McGraw-Hill 
Films at a rental of $25. The film 
comes in two parts each running for 
29 minutes. It was filmed by the 
Columbia Broadcasting System and 
shown on television in the United 
States and in Britain. The vigorous 
conflict of interpretations between 
Professor Hawkins and others is 
notable . 

F8 Frames of Reference 

PSSC, Modern Learning Aids, 28 
minutes, B & W, sound. If you 
haven't shown it previously. Sec, 6,4 
might be a good place. Although it 
presents much more than is necessary, 
it is an excellent film. It does 
give students the idea that the ap- 
pearance of events may depend upon 
the frcune of reference. 

F9 Planets in Orbit 

EBF, 10 minutes, B & W, sound. In 
this film are shown animated rep- 
resentations of some of the differ- 
ences between the Ptolemaic and Co- 
per nican system. 



FIO Elliptic Orbits 

PSSC, Dr. A, V. Baez, Cat, #0310, 
might be used o make clear '-o 
students what area is being discussed 
in the law of areas. Modern Learning 
Aids, 

Fll Measuring Large Distance 

PSSC, Dr, F, G. Watson, Cat, #0103, 
might be shown here, with a series 
of models the film stresses the use 
of triangulation as the primary 
means for determining large dis- 
tances. Toward the end of the film 
other techniques based on photometry 
are illustrated as means of extend- 
ing the distance scale when triangu- 
lation is no longer possible. Mod- 
ern Learning Aids , 

F12 Of Stars and Men (About Galileo) 

It is available from Center for Mass 
Communication, Columbia University 
Press, New York City, 10025. 

F13 Tides of Fundy 

Color, 14 minutes 38 seconds. A 
fascinating study of the phenomenal 
tides in the Bay of Fundy on Canada's 
Atlantic coast and how they affect 
the life of the region. 

An ocean freighter turning about in 
what seems a hay field, a waterfall 
reversing its direction — these are 
only two scenes that will startle 
and amaze in this film of natural 
wonders. Animated pictures explain 
the forces of moon and ocean and 
earth's rotation that together 
create in the Bay of Fundy the high- 
est tides in the world. 

Other scenes, equally interesting, 
show the complete engulfing by the 
sea of the falls of St, John River, 
the steady advance of a tidal bore. 

Filmed with an eye for the dramatic, 
this film brings to the screen scenes 
that are truly amazing. It shows, 
in this tiny pocket of the sea, a 
sequence of cause and effect that in- 
volves the very forces of the uni- 
verse. It is a film that will appeal 
to every audience. National Film 
Board of Canada, available from NASA 
Films. 
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FM Harlow Shapley 

Thirty minute film, Encyclopedia 
Britannica Films, #1806. This film 
discusses major astronomical dis- 
coveries and how they have influenced 
philosophy, religion and our orienta- 
tion to the world. 

F15 Universal Gravitation 

PSSC, 31 minutes, available from 
Modern Learning Aids, #0309. In 
this film the law of universal 
gravitation is derived for an imag- 
inary solar system of one star aiid 
one planet. 

F16 Forces 

This PSSC film (23 minutes) is rele- 
vant here. This film introduces 
mechanics in general and shows a 
qualitative Cavendish experiment, 
in which the gravitational force 
between two small masses is demon- 
strated. Modern Learning Aids. 



sense the difficulties sjrrounding 
the assignment and the excitement 
of success as the first films are 
relayed back to earth from 325 mil- 
lion miles out in space. Particular- 
ly recommended for students of phys- 
ios or electronics. NET Film 
Service. 



Fi9 Of Stars and Men 
53 min, color 

Produced and adapted by John and Faith 
Hubley from the book by Harlow Shaolev. 
In the film, man (kinq of the animals) 
helps the audience to locate man's place 
in the universe of atoms, protoplasm, 
stars and gala^^ies. His relationship 
to space, time, energv, and matter are 
searched out. Available from Brandon 
Films Inc. 



F17 The Invisible Planet 

As this film opens, students meet 
Peter Van de Kainp, director of the 
Sproul Observatory at Swarthmore 
College, and learn of his interest 
in Barnard's star, a small star 
near us in the solar system. With 
Dr. Van de Kamp and Mr. Herbert as 
guides, the student learns about 
the operation of the large refractor 
telescope, the use of photographic 
plates, the recording and analysis 
of data and the results of data 
carefully recorded for over 25 
years of time. From this data. 
Dr. Van de Kamp and his colleagues 
were able to determine the apparent 
presence of a small planet near 
Barnard's star that causes a small 
perturbation or wobbling. The pre- 
cision, time and care in astronomical 
observations are portrayed with im- 
pact in this film. Recommended for 
use in physics or in earth science 
courses. NET Film Service. 



F20 NEWTON'S EQUAL AREAS 

8 minutes, color 

Bruce and Katherine Cornwell, 
Alfred Bork 

This animated film is based on 
Isaac Newton's simple geometrical 
proof of the law of areas for any 
central force. It first establishes 
the laws of motion, in tlxe form 
needed by Newton, goes through 
Newton's proof for several differ- 
ent cases, including the limit con* 
siderations, and then shows several 
examples (first simple then complex) 
of equal areas being traced out with 
a central force. 

Although not produced within the 
Project, some copies are available 
for trial teachers . Write to 
Harvard Project Physics. 



F18 Close-up of Mars 

This is the story of the development 
of the camera system aboard the 
spacecraft. Mariner IV, that took 
the historic photographs of the 
surface of the planet Mars in mid- 
July, 1965. The audience follows 
Robert Leighton, professor of phys- 
ics at the California Institute of 
Technology, as he and the scientist- 
engineers working with^ him tackle 
the problem of designing, building 
and using a camera system that can 
weight no more than 11 pounds and 
use only 10 watts of electricity. 
In viewing this film, students can 
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION FILMS 

r^.nn^ofK?? ^^^^ lo^" Of J^'ASA films should be addressed to the library assigned 

responsibility for ^our area, as indicated by the area map on the opposite page! 

Note: there is no service area #3. 



IF YOU LIVE IN 

Washington, Oregon, 
Idaho, Montana, Wyoming, 
No, California (north of 
the Los Angeles Metropolitan 
area) , Alaska 

Arizona, southern California, 
(San Luis Obispo, Kings, Tu- 
lare and Inyo Counties) , Ha- 
waii, Nevada and Utah 



Arkansas, Missouri, Texas, 
Oklahoma, Kansas: , Nebraska, 
New Mexico^ Colorado 



Alabama, Mississippi, Ten- 
nessee, Louisiana," Kentucky 



Ohio, Indiana, Illinois, 
Wisconsin, Michigan, North 
Dakota, South Dakota, Minne- 
sott , Iowa 



SERVICE AREA 
#1 



#2 



#4 



#5 



#6 



ADDRESS YOUR REQUEST TO 

NASA 

Ames Research Center 

Public Affairs Office 

Moffett Field, California 94035 



NASA 

Western Operations Office 

Public Affairs office 

150 Pico Boulevard 

Santa Monica, California 90406 

Also 

NASA 

Jet Propulsion Laboratory 
Photographic Services 
4800 Oak Grove Drive 
Pasadena, California 91103 

NASA 

Manned Spacecraft Center 
Public Affairs Office, AP2 
Houston, Texas 77058 

NASA 

Marshall Space Flight Center 
Public Affairs Office 
Community Services 
Huntsville, Alabama 35812 

IDEAL PICTURES, INC, 
2110 Payne Avenue 
Cleveland, Ohio 44114 
phone: MA 1-9173 



Southern Virginia 
(Richmond-South) , 
West Virginia, North 
Carolina, South Carolina 



Florida, Bermuda, Georgia 



Maryland, Delaware 



North Virginia (north of 
Richmond), D. C, Pennsylvania, 
New Jersey, New York, Canada, 
Latin Americas and Overseas 



#7 



#8 



«9 



#10 



NASA 

Langley Research Center 
Public Affairs Office 
Mail Stop 154 
Langley station 
Hampton, Virginia 23365 

Photographic Operations Section 
NASA 

John F. Kennedy Space Center 
Code SOP 323 

Kennedy Space Center, Florida 32809 
NASA 

Goddard Space Flight Center 
Photographic Branch, Code 253 
Greenbelt, Maryland 20771 

NASA Headquarters 
Code FAD- 2 

Washington, D. C. 20546 
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION FILMS (continued) 



- IF Y OU LIVE IN SERVICE AREA ADDRESS YOUR REQUEST TO 

Maine, Vermont, New Hampshire, #11 NASA 

Connecticut, Massachusetts, Electronics Research Center 

Rhode Island Educational Programs Office 

575 Technology Square 
Cambridge, Massachusetts 02139 



WHO MAY BORROW FILMS FROM NASA 

Residents of the United States and Canada, v^ho are bona fide representatives of educa- 
tional, civic, industrial, professional, youth activity and government organizations are 
invited to borrow films from the NASA Film Library which services their area. There is 
no film rental charge, but the requestor must pay return postage and insurance costs. 
In view of the wear and tear that results from repeated projection, films are loaned 
for group showings and not for screening before individuals or in homes. Because custody 
of the films involves both legal and financial responsibility, films cannot be loar.?'^ Lo 
riinors. 

To expedite shipment of film, requestor should give name and address of person and 
organization specifying showing date and alternate date. It is also advisaole to indicat 
a substitute film. 

Television stations may order films unless otherwise noted, for unsponsored public 
service or sustaining telecasts. 

NASA MOTION PICTURE FILM SERVICE AREAS 




LANCLCV n. C. CLCCTflONICt RCSCARCH 
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PSSC FILM SOURCES 



PSSC films are available from 

Modern Learning Aids 

1212 Avenue of the Americas 

New York, New York 10036 

To order prints or for additional in- 
formation, contact your MLA representa- 
tive. 

District Offices 

714 Spring Street N.W. 
Atlanta, Georgia 30308 

1168 Commonwealth Avenue 
Boston, Massachusetts 02134 

160 E. Grand Avenue 
Chicago, xllinois 60611 

1411 Slocum Street 
Dallas, Texas 75207 



16 Spear Street 

San Francisco, California 94105 
2100 North 45th Street 
Seattle, Washington 98103 

1834 K Street N,W, 
Washington, D,C, 20006 

1875 Leslie Street 

Don Mills, Ontario, Canada 



ADDITIONAL FILM SOURCES FROM WHICH PHYSICS FILMS ARE AVAILABLE 

Physics films may be obtained from the distributors listed belcw. However these 
films have not as yet been reviewed. • ' 



AEC: Atomic Energy Commission Film Libraries. Lir^ts available from Mr Frank T 
Richardson, Director, Public Information Service, U. S. Atomic Energy Commission 
New York Operations Office, 376 Hudson street. New York, New York 10014. 

American Telephone and Telegraph Company, 208 West Washington Street, Chicago, Illinois 
(Contact local office.) 

Bausch St Lomb, Inc., Rochester, New York. 

Brandon Films, inc., 200 West 57th Street, New York, N.Y. 10019 

^""^f.t^]^ Information Services, 45 Rockefeller Plaza, New York, New York. (Films distrib- 
uted by contemporary Films Inc., 267 25th Street, New York, New York.) 

Carousel Films, inc., 1501 Broadway, Suite 1503, New York, New York. 

Center for Mass Communication, Columbia University Press, New York, New York 10025. 

Contemporary Films, Inc., 267 West 25th Street, New York, New York. 

Convair Motion Picture Section, Department 98-80, P. 0. Box 1950, San Diego, California. 
Corning Glass Works, Advertising Department, Technical Products Division, Chicaao 

Illinois. v^iixwayw. 

Coronet, 42 Midland Road, Roslyn Heights, New York. 

Edited Picture System, Inc., 165 west 46th Street, New Ycrk, New York. 

EBF: Encyclopaedia Britannica Films, 38 West 32nd Street, New York, New York 10001. 

^^""v! I^' t' Central Film and Equipment Exchange, Fort Jay, Governors Island, New 

York, New York; Regional Film and Equipment Exchange, Schenectady General Depot, U. S 
Army, Schenectady, New York. ^ / « 

General Electric Company, Film Distribution Section, Building 6, Room 210, 1 River Road, 
Scnenectady, New York. ' 
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ADDITIONAL FILM SOUPCUS FROM WHICH PHYSICS FIUMS APE AVAILABLE (continuea) 

IFB: International Film Bureau, Xnc.^ 332 South Michigan Avenue, Chicago, Illinois 
60604. 

Imperial Chenical Industries, Ltd., 488 Madison Avenue, New York, New York. 

Leeds and Northrup Company, 4901 Stenton Avenue, Philadelphia, Pennsylvania. 

MIT: Massachusetts Institute of Technology (Office of John J. Rowlands) , 69 Massachusetts 
Avenue, Cambridge, Massachusetts. 

McGrav/-Hill Book Company, Text Film Department, 330 West 42nd Street, New York, New York. 

Moody Institute of Science, 11428 Santa Monica Boulevard, P. 0. Box 25575, Los Angeles, 
California 90025. 

National Film Board of Canada, Suite 819, 680 Fifth /wenue. New York, New York. 
NSTA: National Science Teachers Association, 1201 loth Street, N. W. , Washington, D. C. 
NET Film .Service, Audio-Visual Center, Indiana University, Bloomington, Indiana 47401. 
RCA Victor Division, Camden, New Jersey. 

Rocketdyne Division of North American Aviation, Inc., Public Relations Department, 6633 
Canoga Avenue, Canoga Park, California. 

Scientific Film Company, 6804 Windsor Avenue, Berwyn, Illinois. 

Shell Oil Company, 50 West 50th Street, New York, New York. 

Sperry Gyroscope Company, Central Film Service, Great Neck, New York. 

Teaching Film Custodians, Inc., 25 West 43rd Street, New York, New York. 

United World Films, 144 5 Park Avenue, New York, New York. 

University Film Producers Association, Charles N. Hockman, President, Motion Picture Pro- 
duction, Extension Division, University of Oklahoma, Norman, Oklahoma. 

U. S. Navy, Motion Picture Section, Office of Public Information, E.Kecutive Office of 
the Secretary, Washington, D. C. 

Western Electric Company, Inc., Coordinator of College Relations, 195 Broadway, New York, 
New York. 

V7estinghouse "Electric Corporation, Film Division, 3 Gateway Center, Pittsburgh, Pennsyl- 
vania. 

Yale University Audio-Visual Center, Attention: Mr. David G. Anderson, Sterling Chemis- 
try Laboratory, New Haven, Connecticut. 



51 



Aid Summaries 
Reader 



Reader 

1.* "The Black Cloud" 
by Fred Hoyle 
1957 

In t.his introductory chapter to his 
science fiction novel, the noted astrono- 
mer Fred Hoyle gives a realistic picture 
of what goes on within an astronomy 
laboratory. The emphasis is on experi- 
mental astronomy. 

2.. "Roll Call" 

by Isaac Asimov 
1963 

This pleasant introduction to the 
planets and the solar system is by a 
v:riter well known as a scientist, a 
popularizer of science and a writer of 
science fiction. Asimov approaches the 
solar system historically, briefly con- 
sidering the discovery of some of the 
planets . 

3. "A Night at the Observatory" 

by Henry S. F. Cooper, Jr. 
1967 

What is it like to work at a major 
observatory? A reporter spends a night 
on Mt. Palomar talking about astronomy 
with Dr. Jesse L. Greenstein as he photo- 
graphs star spectra with the 200-inch 
telescope. 

4 . "Preface to De Revolutionibus " 

by Nicolaus Copernicus 
1543 

Copernicus addresses this preface of 
his ;trevolutionary book on the solar sys- 
tem to Pope Paul III . 

5. "The Starry Messenger" 

by Galileo Galilei 
1610 

The introduction to Galileo's Starry 
Messenger not only sumir.arizes hi& dis- 
coveries, but also conveys Galileo's 
excitement about the new use of the 
telescope for astronomical purposes. 

6. "Kepler's Celestial Music" 

by I . Bernard Cohen 
1960 

The end of this summary of Kepler's 
work in mechanics shows how seriously 
Kepler took the idea of the harmony of 
the spheres . 



7. "Kepler" 

by Gerald Hoi ton 
1960 

This brief sketch of Johannes Keolcr's 
life and work was initially written' as 
a review of Max Caspar's definitive 
biography of Kepler*. 

8. "Kepler on Mars" 

by Johannes Kepler (translated by 
Owen Gingerich) 

1609 

Kepler's description of how he came 
to take up the study of Mars, from his 
greatest book. The New Astronomy . Kep- 
ler records in a personal v;ay everything 
as it occurred to him, not merely the * 
final results . 

9. "Newton and the Principia " 

by C. C. Gillispie 
1960 

This article describes briefly the 
events which transpired immediately be- 
fore the writing of the Principia . 

10. "The Laws of Motion and Proposition 

One" 

by Isaac Newton 
1687 

The Latin original of Newton's state- 
ment of the three laws of motion and the 
proof of proposition one is followed 
here by the English translation by Andrew 
Motte and Florian Cajori. 

11. "The Garden of Epicurus" 

by Anatole France 
1920 

Anatole France is best known as the 
writer of novels such as Penguin Is land. 
This brief passage shows that he, alonq 
with many writers, is interested in 
science . 

12. "Universal Gravitation" 

by Richard P. Feyratian, Robert B. 
Leighton and Matthew Sands 
1964 

A physical concept, such as gravita- 
tion, can be a powerful tool, illuminat- 
ing many areas outside of that in which 
It was initially developed. As the 
authors show, physicists can be deeply 
involved when writing about their field. 

13. "An Appreciation of the Earth" 

by Stephen H. Dole 
1964 
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The earth, with all its faults, is a 
rather pleasant habitation for man. If 
things were only slightly different, our 
planet might not suit man nearly as well 
as it now does. 

14. "A Search for Life on Earth at 
Kilometer Resolution" 

by Stephen D. Kilston, Robert R. 
Drummond and Carl Sagan 

1965 

15.. "The Boy who Redeemed his Father's 
Name" 

by Terry Morris 
1966 

A dramatized account of the boyhood 
of the Japanese astronomer v/ho discovered 
a recent comet. This same comet, Ikeya- 
Seki,; is described also in the article 
by Owen Gingerich. 

16. "The Great Comet of 19 65" 
by Owen Gingerich 
1966 

The director 'of the Central Bureau 
for Astronomical Telegrams describes the 
excitement generated by a recent comet, 
and reviews current knowledge of comets. 

17., "Gravity Experiments" 

by R. H. Dicke, P. G. Roll and 
J. Weber 

1966 

The delicate modern version of the 
Eotvos experiment described here shows 
that the values of inertial mass and 
gravitational mass of an object are equal 
to within one ten-billicnth of a percent. 
Such precision is seldom attainable in 
any area of science. 

18. "Space the Unconquerable" 

by Arthur C. Clarke 
1962 

Arthur Clarke began to think seriously 
about space travel before almost anyone 
els€!. His conclusions, as seen in the 
article s very first sentence, are some- 
what more pessimistic than are now 
fashionable . 

19. "1.* there Intelligent Life Beyond 

the Earth?" 

by I. S. Shklovskii and Carl Sagan 
1966 

Many scientists have argued recently 
that intelligent life may be quite com- 
mon in the universe. This work was 
originally b^ Shklovskii, in Russian, 



and the "Annotations, Additions, and 
Discussions" which Sagan has added are 
bracketed by the symbols V and A. 

20. "The Stars within Twenty-two Light 

Years that Could Have Habitable 
Planets" 

by Stephen H. Dole 
1964 

This table liots only those stars 
within twenty-two light years of the 
earth that have probabilities for the 
existence of planets which could support 
human life. The reader with astronomical 
interests should scan books on astronomy 
for a detailed explanation of most of 
the terminology used in this table. 

21. "U.F.O." 

by Carl Sagan 
1967 

The existence or non-existence of un- 
identified flying objects has been a 
subject for debate in the United States 
and elsewhere for many years. Here an 
astronomer reviews our current knov;ledge 
in an impartial way. 

22. "The Life-story of a Galaxy" 

by Margaret Burbidge 
1962 

A noted woman astronomer discusses 
current knowledge, and lack of knowledge, 
concerning the evolution of galaxies. 
Dr. Burbidge concludes, "It is difficult 
to understand in detail how one sort of 
galaxy can evolve into another, yet in 
a general way we know that it must hao- 
pen." 

23. "Expansion of the Universe" 

by Hermann Bondi 
1960 

Bond\, a noted theoretical physicist 
and astronomer, presents the evidence 
for the overall expansion of the universe, 
evidence which depends greatly on the 
observed red shift of light from distant 
galaxies. The number mentioned at the 
end of the paper, ten billion years, is 
sometimes picturesquely called the "age 
of the universe." 

24. "Negative Mass" 

by Banesh Hoffmann 
1965 

Does mass, like electric charge, exist 
in both positive and negative forms? If 
so, negative mass must have the most ex- 
traordinary properties — but they could 
explain the immense energies of the star- 
like objects known as quasars. 
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25. "Three Poetric Fragments about 

Astronomy" 

From Troilus and Cressida 
by William Shakespeare 

From Hudibras 
by Samuel Butler 

My Father's Watch 
by John Ciardi 

26, "The Dyson Sphere" 

by I. S. Shklovskii and Carl Sagan 
19<^6 

The imagination of scientists often 
exceeds that of the science fiction 
writer. The question asked is how an 
advanced technological civilization 
could capture most of the sun's energy. 
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028 Phases of the Moon 

The following model will help to 
clarify the phases of the moon. Attach 
a ping-pong or tennis ball to a thread. 
Then in a darkened room have students 
watch the phases of this moon as you 
swing it: 

a) around a single lamp bulb (not 
too bright) , or 

b) around their heads. 

The latter matches best with our obser- 
vations of the moon's phases. 



more revolutions about B while B, walk- 
ing at a stfrady rate, makes one revolu- 
tion about A., Once they have established 
appropriate speeds, they must try to 
maintain them as constant as possible 
In this derionstration A is the earth, B 
is merely a point in space, C is a plan- 
et. "Earth" observes the motion of the 
"p^an^t" vith reference to a distant 
>un3 — trees , goalposts , school 

XX .**gs, etc. "the fixed stars." 

,oes the planet always appear to be mov- 
ing in t)ie same direction? when does it 
retrograde? How long does the retrograde 
motion last (see diagram)? 



029 Geocentric-Epicycle Model (an al- 

ternative to Demonstrations 5.5A, 
5.6A) 

In this demonstration students them- 
selves play the part of planets. As well 
as showing that the geocentric-epicycle 
model of the solar system gives retro- 
grade motion, it demonstrates the effect 
that an observer's motion can have on 
his view of another object's motion. 

Student A, representing the earth, 
stands still while two others, B and C, 
move around him — B in a circle, and C, 
representing a planet, in an epicycle. 
A length of string (about 5 yards) be- 
tween A and B, and a shorter one (about 
2^5 yards) between B and C keep the radii 
of the circles constant. Student C will 
have to move fairly fast to make one or 



030 Heliocentric Model 

In tliis model the stationary student 
A repre.'jents the sun. The earth, now 
displaced from its position at the hub 
of the xmiverse, moves round in a circle 
(radius about 4 yards) . The third stu- 
dent — representing Mars — moves around 
the sun in the same sense in a larger 
circle (6 yards) . If earth and Mars 
walk in step, but with Mars taking a 
shorter step, earth's period will be 
considerably less than Mars and their 
relative motions will approximate fairly 
well to actual movement of the two plan- 
ets. Again earth is asked to describe 
the relative motion of Mars as it ap- 
pears to him against the distant back- 
ground of fixed stars. Does the motion 
appear uniform? Is there retrograde mo- 
tion? When does it occur? Retrograde 
motion of an inner planet may be more 
difficult to spot. Try these parameters: 
earth's orbit — lO-yard radius; Mercury's 
orbit — 4-yard radius; Mercury takes two 
paces for every one taken by earth (see 
diagram) . 
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D31 Plane Motions 

The importance of Kepler's use of mo- 
t** ~ in a plane cannot be overstressed. 
zn Unit 1 in mind, have students make 
fisi. with their left hand to represent 
the sun. Have them hold a pen or pencil 
in their right hand to represent a point 
in space and a velocity vector. You can 
anticipate Chapter 8 and ask students 
what forces are acting on the body. (The 
only force is the central pull of the 
sun) , What initial motion does the body 
have? (The initial velocity vector is 
represented by the pen or peacil.) But 
one point and a line define a plane. 
What would you infer if the body did NOT 
move in a plane? (Some other force act- 
ing from a place not in the orbital 
plane,) This planar assumption is ap- 
plied in Experiment 18 when the orbital 
inclination of Mars is derived from the 
observations of the positions of Mars 
north or south of the ecliptic. 

D32 Conic Section Model 

If the mathematics department has a 
model of a cone, use it to let the stu- 
dent see the natural occurrence of el- 
lipses and other conic sections. 
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Introduction to Unit 2 Experiments 

The following pages on experiments in- 
clude both the directions for the stu- 
dent (centered on facing pages) and the 
notes for the teacher on the outside 
areas of these pages. There is suffi- 
cient blank space for the teacher to 
add his own not^s and he is encouraged 
to do so. Essential experiments carry 
a star *. 
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EXPERIMENT 1 Naked-Eye Astronomy (continued from 
Unit 1 Student Handbook) 



See Teacher Guide page 65. 



At the very beginning of this course, 
it was suggested that you might want to 
begin making some basic astronomical ob- 
servations in order to become familiar 
with the various objects in the heavens 
and with the ways in which these objects 
move. Now the time has come to analyze 
your data more carefully and to continue 
your observations. From observations 
much like your own, scientists in the 
past have developed a rennarkable sequence 
of theories. The more aware you are of 
the mocions in the sky, the more easily 
you can follow the development of these 
theories • 

If you have been careful and thorough 
in your data-taking, (and if the weathrr: 
has been mostly favorable) , you have 
your own data for analysis. If, however, 
you do not have your own data, similar 
results are provided in the following 
sections • 

a) One Day of Sun Observations 

One student made the following obser- 
vations of the sun's position during 
September 23. 



Eastern Daylight 
Time 

7:00 A.M. 



Sun's 
Altitude 



Sun's 
Azimuth 



8:00 


08*» 


097*» 


9:00 


19 


107 


10:00 


29 


119 


11:00 


38 


133 


12:00 


45 


150 


1:00 P.M. 


49 


172 


2:00 


48 


197 


3:00 


42 


217 


4:00 


35 


232 


5:00 


25 


246 


6:00 


14 


257 


7:00 


03 


267 



If you plot altitude vs. azimuth and mark 
the hours for each point, you will be able 
to answer these questions. 
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1. What ^as the sun's greatest altitude 
during the day? 

2. What was the latitude of the observer? 

3. At what time (EDT) was the sun high- 
est? 

4. When during the day was the sun's 
direction (azimuth) changing fastest? 

5. When during the day was the sun's 
altitude chanc;ing fastest? 

6. Remember that daylight time is an 
hour ahead of standard time. On Septem- 
ber 23 the apparent sun, the one you see, 
gets to the meridian 8 minutes before 
the mean sun. Can you determine the lon- 
gitude of the observer? Near what city 
was he? 

b) A Year of Sun Observations See Teacher Guide page 66. 

One student made the following monthly 
observations of the sun through a full 
year. (He had remarkably good weather!) 

Sun's Interval to 

Noon Sunset Sunset 
Dates Altitude Azimuth After Noon 

Jan 1 20* 238* 4^25"^* 

Feb 1 26 245 4 50 

Mar 1 35 259 5 27 

Apr 1 47 276 6 15 

May 1 58 291 6 55 

JUn 1 65 300 7 30 

Jul 1 66 303 7 40 

Aug 1 61 295 7 13 

Sep 1 52 282 6 35 

Oct 1 40 267 5 50 

Nov 1 31 250 5 00 

Dec 1 21 239 4 30 

*h = hour/ m = minutes. 

In terms of the dates make three plots 
(different colors or marks on the same 
sheet of graph paper) of the sun's noon 
altitude / direction at sunset and time 
of sunset after noon. 

1. What was the sun's noon altitude at 
the equinoxes (March 21 and September 23)? 

2* What was the observer's latitude? 

3. If the observer's longitude was 79**W/ 
near what city was he? 
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See Teacher Guide page 67. 



4. Through what ran9e (in degrees) did 
his sunset point change during the year? 

5. By how much did the observer's time 
of sunset change during the year? 

6. If the interval be^:ween sunrise and 
noon equalled the interval between noon 
and sunset, how long was the sun above 
the horizon on the shortest day? On the 
longest day? 

c) Moon Observations 

During October 1966 a student in Las 
Vegas, Nevada made the following obser- 
vations of the moon at sunset when the 
sun had an azimuth of about 255*', 





Angle from 


Moon 


Moon 


Date 


Sun to Moon 


Altitude 


Azimuth 


Oct, 








16 


032^ 


170 


230^ 


18 


057^ 


25 


205 


20 


081^ 


28 


180 


22 


104^ 


30 


157 


24 


126^ 


25 


130 


26 


147^ 


16 


106 


28 


169« 


05 


083 



1, Plot these positions of the moon on 
the chart, 

2, From the data and your plot, estimate 
the dates of new moon, first quarter moon, 
full moon. 

3, For each of the points you plotted, 
sketch the shape of the lighted area of 
the moon. 
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See Teacher Guide p^ge 67 . 



d) Locating the Planets 

Table I in the appendix tells you 
where to look in the sky to see each of 
the planets whose wanderings puzzled the 
ancients. One set of positions is given, 
accurate to the nearest degree, for 
every ten-day interval; by interpolation 
you can get the planets' positions on 
any given day. 

The column headed "J.D." shows the 
corresponding Julian Day calendar date 
for each entry. This calendar is simply 
a consecutive numbering of days that have 
passed since an arbitrary "Julian Day 1" 
in 4713 B.C.: September 26, 196 7, for 
example, is the same as j.d. 2,439,760. 

Look up the sun's present longitude 
in the table. Locate the sun on your 
SC-1 Constellation Chart: its path, the 
ecliptic, is the curved line marked off 
in 360 degrees; these are the degrees of 
longitude. 

A planet that is just to the west of 
the sun's position (to the right on the 
chart) is "ahead of the sun," that is, it 
rises just before the sun does. One 
that is 180** from the sun rises near 
sundown and is in the sky all night. 

When you have decided which planets 
may be visible, locate them along the 
ecliptic. Unlike the sun, they are not 
exactly on the ecliptic, but they are 
never more than eight degrees from it. 
■The Constellation Chart shows where to 
look among the fixed stars. 
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See Teacher Guide page 67. 

e) Graphing the Position of the Planets 

Here is a useful graphical way to dis- 
play the information in the planetary 
longitude table in the appendix. 

On ordinary graph paper, plot the 
sun's longitude versus time. Use Julian 
Day numbers along the horizontal axis, 
beginning as close as possible to the 
present date. The plotted points should 
fall on a nearly straight line, sloping 
up toward the right until they reach 360** 
and then starting again at zero. (See 
Fig. 1.) 



360". 



•rl , ' r 
C * / / 

•3 i/ 

1 ' 
I / 



" Time 

Fig. 1 The sun's longitude 



/ 



How long will it be before the sun 
again has the same longitude as it ha^ 
today? Would the answer to that question 
be the same if it were asked three months 
from now? What is the sun's average 
angular speed over a whole year? By how 
much does its speed vary? When is it 
fastest? 
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Plot Mercury's longitudes on the same 
graph (use a different color or shape 
for the points). According to your plot/ 
how far (in longitude) does Mercury get 
from the sun? (This is Mercury's maxi- 
mum elongation.) At what interval does 
Mercury pass between the earth and the sun 
(forget -for the time being about lati- 
tudes)? (This interval is Mercury's syn- 
odic period: the period of phases.) 

Plot the positions of the other plan- 
ets (use a different color for each one) . 
The resulting chart is much like the 
data that puzzled the ancients. In fact, 
the table of longitudes is just an up- 
dated version of the tables that Ptolemy, 
Copernicus and Tycho made'; 

The graph contains a good deal of use- 
ful information. For example, when will 
Mercury and Venus next be close enough 
to each other so that you can use bright 
Venus to help you find Mercury? Can you 
see from your graphs how the ancient 
astronomers decided on the relative sizes 
of the planetary spheres? (Hint: look 
at the relative angular speeds of the 
planets.) Where are the planets, rela- 
tive to the sun, when they go through 
their retrograde motions? 




64 



4 



Experiments 
El 



ANSWERS 



EXPERIMENT 1: NAKED-EYE ASTRONOMY (con- 
tinued from Unit 1 Student 
Handbook) 

I. ONE DAY OF SUN OBSERVATIONS 

1. About 49'. 

2 . Since the sun was on the equator 
September 23, the latitude of the ob- 
server is 90^ - sun's noon altitude, cr 
90' - 49' = 41' N. 

3. The sun was highest at about 
1:00 EDT. 

4. The sun's azimuth changes most 
rapidly around noon. 

5. The sun's altitude changes most 
rapidly when the sun is near -the hori- 
zon — after sunrise and before sunset. 

6. Local noon (highest sun) occurred 
about 1:00 EDT or at 12:00 EST.^ But the 
mean sun, on which our time is kept, 
would cross the meridian 8 later, or 

at 12:08 EST The observer was there- 
fore 8 west of the mid-line for the EST 
zone. Since 4 = 1' of longitude, the 
8"* = 2' west. The mid-longitude fc EST 
is 75' W. Then the observer must have 
been at longitude 75' W + 2 = 77** W. and 
at latitude 41® N. This is near Akron, 
Ohio. 




ONE DAY OF SUN OBSERVATIONS— TEACHER GUIDE 
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II. A YEAR OF SUN OBSERVATIONS 

1. About 46*». 

2. Latitude = 90** - sun's noon 
altitude on March 21 or September 
23 

= 90* - 46** = 44*> 

3. He was near Toronto or Buffalo, 
New York. 

4. The sunset point changed in azi- 
muth from about 237** in December to 
about 303** in June, or a change of 
303** - 237** = 66**. 

5. The interval between noon and sun- 
set changed from about 4"25"^ in December 
to about 1^40^ in June, or a change of 
3hi5m during the year. 

6. On the shortest day the sun was 
up for 2 X 4*^25m or about 8^50^, on the 
longest day the sun was up for 2 x 7b4om 
or about 15^20n*.. 




j7f/y /rjf^y *n>/y S6PT rvoi^ o/qa/ 



A YEAR OF SUN OBSBRVATIONS--TEA.CHBR GUIDE 

66 



ERIC 



.V, 



III. MOOM OBSERVATION'S 



Experiments 
El 



! 
I 

! 

/i/ 


• 




1 lyj 

m 




ST 

o 


o 


' C 















9o 



//O f/A> 



S'Jf' <f'T 




iA) j 
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EXPERIMENT 13 The Size of the Earth 

The first recorded approximate measure- 
ment of the size of the earth was made by 
Eratosthenes in the third century B.C. 
His method was to compare the lengtns of 
shadows cast by the sun at two different 
points rather far apart tut nearly on a 
north-south line on t:ne earth's surface. 
The experiment described here uses an 
equivalent method, instead of measure- 
ing the length of a shadow you will mea- 
sure the anale between the vertical and 
the sight line to a star or the sun. 

You will need a colleague at least 
200 miles away due north or south of 
your position to take simultaneous mea- 
surements. You will need to agree m 
advance on the star, the date and the 
time for your observations. 

Theory 

The experiment is based on the assump- 
tions that 

1) the earth is a perfect sphere. 

2) a plumb line points towards the 
center of the earth. 

3) the distance from stars and sun 
to the earth is great compared with 
the earth's diameter. 

The t\^;o observers must be located at 
points nearly north and south of each 
other (i.e., they are nearly on the same 
meridian). They are separated by a dis- 
tance s along that meridian. You (the 
observer at A) and the observer at B 
both sight on the same star at the pre- 
arranged time, preferably when the star 
is on or near the meridian. 

Each of you measures the angle between 
the vertical of his plumb line and the 
sight line to the star. 

Light rays from the star reaching 
locations A and B are parallel (this is 
implied by assumption 3) . 
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Eratosthenes used two points in 
Egypt, Alexandria, on the Mediter- 
ranean Sea, and Syene, which was 
near the present location of the 
Aswan Dam. He measured the distance 
between these points in "stadia." 
Unfortunately we do not know the 
proper cciversion from his stadia 
to our miies. According to one in- 
terpretation, Erathosthanes' value 
for the circumference of the earth 
was about 20% larger than the modern 
value. However, according to an- 
other interpretation, his value 
agrees with the modern value to 
about 1%. 
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You can therefore relate the angle at 
A, e^/ to the angle at B, , and the 
angle between the two radii, ^, as shown 
in Fig, 1. 



\ ft 



\ 



Fig. 1 
In the triangle A* BO 



= (^A ■ ^B> 



(1) 



If C is the circumference of the earth, 
and s IS an arc of the meridian, then 



(2) 



s _ ^ 
C " 360 ' 

Combining Eqs , (1) and (2), 

where and are measured in degrees . 
Procedure 

For best results, the two locations A 
and B should be directly north and scuth 
of each other. The observations are 
made just as the star crosses the local 
meridian, that is, when it reaches its 
highest point in the sky. 

You will need some kind of instrument 
to .leasure the angle 6, One such instru- 
ment is an astrolabe. One can be made 
fairly easily from the design in Fig, 2, 
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> 




Fig. 2 



Align your astrolabe along the merid- 
ian (north-south line) and measure the 
angle from the vertical to the star as it 
crosses the meridian. 

If the astrolabe is not aligned along 
the meridian, the altitude of the star 
will be observed before or after it is 
highest in the sky. An error of a few 
minutes from the time of transit will 
make little difference. 

An alternative method would be to mea- 
sure the angle to the sun at (local) noon. 
(Remember that this means the time when 
the sun is highest in the sky, and not 
necessarily 12 o'clock.) You could use 
the shadow theodolite described in Exper- 
iment 1. Remember that the sun, seen 
from the earth, is itself Jj® wide. Do 
not try sighting directly at the sun. 
You may damage your eyes. 

An estimate of the uncertainty in 
your measurement of e is important. 
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Take several measurements on the same 
star (at the same time) and take the 
average value of 0. Use the spread in 
values of e to esti .ate the uncertainty 
of your observations and of your result. 

If it can be arranged, you should ex- 
change instruments with your colleague 
at the other observing position and re- 
peat the measurements on the same star 
on another night. (Remember that it will 
cross the meridian 4 minutes earlier 
every night, so your time of observation 
will be different.) By taking the aver- 
age of the two values of e given by the 
different instruments you can eliminate 
errors due to differences in construction 
between the two. 

The accuracy of your value for the 
earth's circumference also depends on 
knowing the over-the-earth distance 
between the two points of observation. 
See: "The Shape of the Earth," Scien - 
tific American , October, 1967, page 67. 

Ql How does the uncertainty of the over- 
the-earth distance compare with the un- 
certainty in your value for 9? 

Q2 What is your value for the circumfer- 
ence of the earth and what is the uncer- 
tainty of your value? 

Q3 Astronomers have found that the aver- 
age circumference of the earth is about 
24,900 miles. What is the percentage 
error of your result? 

Q4 Is this acceptable, in terms of the 
uncertainty of your measurement? 



For Discussion 

It is often said that Columbus' 
voyage to the New World was a dar- 
ing feat because it was not known 
at the time (1492) that the earth 
was spherical. However, by 250 B.C., 
the Greeks concluded that the earth 
was a sphere. What obsei-'ations may 
have caused them to make that con- 
clusion? How might you explain the 
popular concept of Columbus' time 
that the earth was flat and that 
one could fall off the edge? 



B.C. By John Hart 




Since about 1673 scientists have 
known that the earth is slightly 
oblate, i.e., the polar diameter is 
slightly less than the equatorial 
diameter. At the pole there are 
about 69.4 miles per degree of lati- 
tude along the earth's surface; while 
there are only about 68.7 miles per 
degree at the equator. 
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This is an example of indirect 
measurement. Our ability to make 
measurements by direct methods 
(i.e., direct application of our 
senses) is severely limited. We 
can't see very small things, A 
mountain is just too large to meas- 
ure by direct means. Some objects, 
such as a cloud, are just too inac- 
cessible to measure. In each of 
these cases and in countless others, 
we use indirect methods to "estimate" 
dimensions. In this exercise students 
combine observations with a geometri- 
cal model to measure a very large, 
very inaccessible object. 

The photograph on page 96 of 
Unit 1 shows the large crater 
Copernicus which is near the equator 
in the' moon's Eastern hemisphere 
(3rd quarter) . 



EXPERIMENT 14 The Height of Piton. A 
Mountain on the Moon 

You have probably seen photographs of 
the moon's surface radioed back to earth 
from an orbiting space ship or from a 
vehicle that has made a "soft landing" 
on -the moon. The picture on page 95 of 
the Unit 1 text shows an area about 180 
miles across and was taken by Lunar Or- 
biter II from a height of 28.4 miles. 

But even before the space age, astron- 
omers knew quite a lot about tne moon*s 
surface, Galileo's own description of 
what he saw when he first turned his 
telescope to the moon is reprinted in 
Sec, 7,8 of Unit 2, 

From Galileo's time on, astronomers 
have been able, as their instruments 
and techniques improved, to learn more 
and more about the moon, without ever 
leaving the earth. 

In this experiment you will use a 
photograph taken with a 36-inch tele- 
scope in California to estimate the 
height of a mountain on the moon. Al- 
though you will use a method similar in 
principle td Galileo's, you should be 
able to get a much more accurate value 
than he could working with a small tele- 
scope (and without photographs!). 

Materials 

You are supplied with a photograph of 
the moon taken at the Lick Observatory 
near the time of the third quarter. 
The North Pole is at the bottom of the 
photograph. This is because an astro- 
nomical telescope, whether you look 
through it or use it to take a photograph, 
gives an inverted image. 

Why Choote Piton? 

Piton, a mountain in the northern 
hemisphere, is fairly easy to measure 
because it is a slab-like pinnacle in 
an otherwise fairly flat area. It is 
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quite close to the terminator (the line 
separating the light portjon from the 
dark portion of the moon) at third quar- 
ter phase. 

You will find Piton on the moon photo- 
graph above (to the south) and left of 
the large crater Plato at the moon lati- 
tude of about 40** N. Plato and Piton 
are both labeled on the moon map. 

The important features of the photo- 
graph are shown in Fig, 1. The moon is 
a sphere of radius R. Piton (P) is a 
distance s from the terminator and casts 
a shadow of apparent length I, 
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Figure 2 shows how the moon would 
appear if viewed from above the point 0 
which is on the terminator and 90** from 
Piton. From this point of view Piton is 
seen on the edge of the moon's disc. 
Its size is exaggerated in the sketch. 



This change of the point of view 
can be made clear with a large ball 
(basket ball). Mark North pole, and 
central meridian (terminator). Use 
golf tee to represent Piton. Show 
to class so that they see it as in 
photograph and Figure 1. Now rotate 
by bringing north pole up towards 
you (away from class) until the 
class sees Piton on the edge of the 
moon*s disc. This is the view seen 
in Figure 2. 



Pig. 2. 



9 
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Figure 3 



In fact this is not an essential 
assumption. Both s and I change 
with the moon^s phase and these 
changes tend to compensate each 
other. 



This is not an easy question for 
students to answer. But they should 
agree that these are "reasonable" 
assumptions, and that the error in- 
troduced is less than 10%. 



Some simplifying assumptions 

You can readily derive the height of 
Piton from measurements made on the 
photograph if you assume that: 

1) the shadow I is short compared 
to the lunar radius R. This allows 
you to neglect the curvature of the 
moon under the shadow — you can ap- 
proximate arc AP by a straight line. 

2) in Fig. 1 you are looking straight 
down on the top of the peak. 

3) the moon was exactly at third 
quarter phase when the photograph 
was made.. 

Ql How big an error do you think these 
assumptions might involve? 
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Because the moon's surface does 
curve slightly under the shadow, 
Figure 3 is not exact. A more honest 
diagram looks like this (the height 
H and the angle 0 have been exag- 
gerated): 




The geometric model 

Look at the triangles OCP and APB in 
Fig. 2. Both have a right angle (at C 
and P respectively) and AB is parallel to 
CP. From this it can be shown that the 
angles COP and PAB are equal. The two 
triangles are therefore similar. Corre- 
sponding sides of similar triangles are 
proportional, so we can write f = ^ • 

To determine H, you must measure 
s and R from the photograph in arbitrary 
units, and then establish the scale of 
the photograph by comparing the measured 
diameter of the moon photo (in mm) with 
its given diameter (3476 km) . 



The line AP' is perpendicular to 
the radius OP. It is (part of a) 
chord), not a tangent as the simple 
treatment assumes. 

The similar triangles are CO?' 
and P'AB. Hence 

s. „ H±h 
R £ • 

The simple formula over estimates 
H by the length h. This turns out 
to be a correction of perhaps as 
much as 25%. However the uncertain- 
ties in this experiment due to dif- 
ficulty in measuring s and £ are of 
the same order. 
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The best area to work in is prob- 
ably southwest (above and to the 
left I) of Piton, between Piton and 
the crater Aristillus. We place the 
terminator through the Western (left) 
rim of the crater Cassini. 



Encourage students to use the 
magnifier. Some may discover for 
the first time that a half tone re- 
production is made up of dots. 



A photograph of the moon taken 
at the third quarter phasc*^ 
(Lick Observatory, University 
of California) 

Measurements and Calculations 

The first problem is to locate the 
terminator. Because the moon has no at- 
mosphere, there is no twilight zone. The 
change from sunlit to dark is abrupt. 
Those parts of the moon which are higher 
than others remain sunlit longer. Thus 
the shadow line, or terminator, is a 
ragged line across the moon's surface. 
To locate the terminator use a white 
thread or string stretched tight and seek 
an area close to Piton where the moon's 
surface is flat. Move the thread until 
it is over the boundary between the 
totally dark and partly illuminated areas. 
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Use a lOX magnifier to measure s and 
I on the pictures provided. Or you can 
use a scale to measure the length of the 
shadow and the distance from Piton to the 
terminator on the lOX enlargement? the 
values of 1 and s will be one tenth of 
these measured lengths. To measure R in 
millimeters find the moon's diameter 
along the terminator and divide by two. 
The diameter of the moon is 3476 km. 

Q2 How much does one millimeter on the 
photograph represent on the moon's sur- 
face? 

Use this scale factor and the equation 
given above to find the height of Piton, 
in km. 

Below is a picture of the area 
enclosed by the white line, en- 
larged exactly ten times On 
these telescope pictures north 
is at the bottom, east is to the 
right, as in the map opposite. 
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Distance to Moon and Its Size 

Some students will inquire how 
the size of the moon is kno^;m. In 
the sky we can see that the moon is 
about half a degree across. If then 
we can find the distance to the moon, 
we can determine its linear size. 
(The moon^s linear diameter, for 0.5^ 

angular diameter, will be -r \ 

^ ^ / . H 

or about 1/115 of the distance from 
the earth to the moon. 

The distance to the moon is de- 
rived by triangulation of the moon's 
position against the starry back- 
ground with simultaneous observations 
made from places far apart on the 
earth. The geometry is easiest to 
visualize if the places are on a 
north-south line, but such orien- 
tation is not necessary (only the 
analysis is more complicated). If 
we could observe the moon simultan- 
eously from the earth's north and 
south poles, we would find a differ- 
ence of about 2° in the recorded po- 
sitions. (This would be the angular 
size of the earth as seen from the 
moon.) An angle of 2 is subtended 
by an object when its distance ia 
about 30 times its linear size. 
(Students can easily check this.) 
Therefore we can conclude that the 
distance to the moon is about 30 
earth-diameters, or 60 earth-radii. 
Since the earth's radius is about 
4000 miles, or 6,400 kilometers, 
the approximate distance to the 
moon is 24,000/115, about 2090 
miles, or 3,340 kms. 

If students wish to attempt ♦•.o 
derive this result from their own 
observations, remind them that 

(1) the baseline between observa- 
tions must be as long as possible 
(but need not be north or south), 

(2) the moon moves continuously 
among the stars - so simultan- 
eous observations are necessary, 
and (3) locating the bright moon 
accurately among a field of faint 
stars is difficult. Even so, we 
hope that some will try. 
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We found, using a magnifier 
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s = 4.0 ± 0,5 mm 
^ = 2.0 ± 0.2 mm 
2R = 164 ± 2 mm 

1 u *. 3476 , 

1 mm on photo = = 21 km 



164 



on moon 



H = 



S£ 4.0 X2.0 



R 

= 0.98 X 



82 

21 = 2.1 km 



0,98 mm 



Discussion 

1. What is your value for the height of 
Piton? 

2. Which is the least certain of your 
measurements? What is your estimate of 
the uncertainty of your final result? 

3. Astronomers, using methods consider- 
ably more sophisticated than those you 



Location of terminator, and meas- 
urement of s is the least certain 
measurement. Uncertainty is s may 
be ± 0.5 mm. This alone gives an 

uncertainty of ~\ x 100 = 14% in 

the final answer. 

Another question that each student 
must answer for himself is: "From 
which point in the illuminater part 
of the mountain should I measure— 
from the center, or from the western 
(left hand) edge?** In fact is prob- 
ably correct to measure from the 
left hand edge on the assumption 
that it is that part of the mountain 
that casts the longest shadow. 

Uncertainty in ^ is about 10%. 
Uncertainty in R is insignificant 
compared with these. Maximum un- 
certainty of final result is there- 
fore 15% + 10% = 25%. 



-4f • 





Tenth lunar surface picture taken b 
shows a moon rock six inches high a 
America's first lunar soft-landing 
of Storms at 11:17 p.m., Pacific Da 
spots at left are reflections of th 
the NationcU Aeronautics 9<.d Space 
Laboratory. 

Can you estimate the size of some o 



Can you estimate the angle that the 
(angle e in Fig. 2)7 (Photo credit 
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use here, calculate the height of Piton 
to be about 2.3 km (and about 22 km across 
at its base) . How does your value compare 
with this? 

4. Does your value differ from this by 
more than your experimental uncertainty? 
If SO/ can you suggest why? 




y Surveyor I spacecraft on June 2, 1966, 
nd twelve inches long* Surveyor I , 
spacecraft, touched down in the Ocean 
ylight Time, June 1, 1966. Bright 
e sun. The picture was received at 
Administration's Jet Propulsion 



f the smaller objects? 

sun's rays make with the moon's surface 
: NASA) . 
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Percentage error of our result is 

2.3-21 02 

2.3 100 = f-f X 100 = 9% 

As the example above shows it is 
unlikely that students' results will 
differ from 2.3 km by more than the 
experimental uncertainty. The cor- 
rect answer to "Can you suggest why?*' 
is therefore probably "I under esti- 
mated the uncertainty in locating the 
terminator, etc 

One correction to the geometrical 
model is suggested above. 

Another is that the shadow lies 
along the parallel of latitude 
through Piton and not along the 
great circle which is the edge of 
the section shown in Figure 2. This 
is a small factor. 

Students may be disappointed with 
the rather high percentage error of 
their results. They should not be. 
To have measured the size of Piton 
even to within 30% is a worthwhile 
achievement. 

This is also a good time to em- 
phasize the importance and value of 
order of magnitude measurements in 
physics. This seems to contradict 
the cliche, '^Physics is an exact 
science," but an order of magnitude 
value is often all that can be ob- 
tained, particularly if the quantity 
being measured is very large of very 
small. Of course it is essential to 
have an estimate of uncertainty. 
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Experiment 15^*^ 

THE SHAPE OF IHE EARTH'S ORBIT 

You may decide to run this ex- 
periment as a group activity in 
which the whole class participates 
in collecting the data. But each 
student should make his own plot. 
Once the data have been collected 
the plotting itself could be done at 
home. The only tools needed are pro- 
tractor and ruler. 

The experiment is based on the A 
answers to these two questions. Ask 
students to think about them the day 
before you want them to plot the or- 
bit. The answers are: 

Ql. The sun moves 360° in one 
year. The rate is approximately one 
degree per day. (Actually 

SesTdays = 0-98667O/day.) 



Q2. 

size 



The formula is: apparent 
1 

distance 



Q2 above should suggest the an- 
swer to this question. But you may 
get other suggestions. Perhaps the 
sun periodically expands and con- 
tracts, as many stars do. (The 
most famous type of periodic 'Vari- 
able stars'* are called cepheid 
variables; owe famous cepheid is 
Polaris which has a period of just 
less than four days.) You might 
ask that if the sun does vary in 
size, does it probably vary in other 
ways, e.g., in brightness? Could 
this be an explanation for the sea- 
sons? Does it seem reasonable that 
the sun's period of variation would 
coincide eicactly with the earth's 
period of revolution about the sun? 
What other effects would we observe 
on Earth and on other planets if the 
sun varies in size or brightness? 



Based on an experiment developed by 
Dr. R.A.R. Tricker, formerly Chief 
Inspector of Schools for Science in 
England . 
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EXPERIMENT 15 The Shape of the Earth's 
Orbit 

Two questions to think about before 
starting to plot the orbit 

^Ql How long does it take the sun to makp 
one complete cycle {360*^) through the sky 
against the background of stars? (See 
Sec. 5.1 if you have difficulty answering 
this.) How fast does the sun move along 
the ecliptic in degrees per day (to the 
nearest degree)? 

Q2 The further away you are from an ob- 
ject the smaller it appears to be. Sup- 
pose you photograph a friend at a distance 
of ten meters, and then again at a dis- 
tance of twenty meters. Can you find a 
formula that relates his apparent size 
to his distance? 

Ptolemy, and most of the Greeks, 
thought that the earth was at the center 
of the universe, and that the sun revolved 
around the earth. From the time of Coper- 
nicus the idea gradually became accepted 
that the earth and other planets revolve 
around the sun. You probably believe 
this, just as you believe that the earth 
IS round. But from the evidence of our 
senses — how we see the sun move through 
the sky during the year — there is no rea- 
son to prefer one model over the other. 

Plotting the orbit 

The raw material for this experiment 
is a series of sun photographs taken at 
approximately one-month intervals and 
printed on a film strip. 

Q3 The photograph in Frame 5 shows 
halves of the images of the January sun 
and July sun placed adjacent. How can 
you account for the obvious difference 
in size? 

Assume that the earth is at the center 
of the universe. (This, after all, is 
the "common sense" interpretation; it is 
what our senses tell us.) 



Experiments 

Take a large piece of graph paper ^ 
(20" X 20" or four 8 1/2 x 11" pieces 
pasted together) and put a mark at the 
center to represent the earth. Take the 
0^ direction/ the direction of the sun 
as seen from the earth on March 21st, to 
be along the grid lines toward the left. 




The dates of all the photographs, and 
the direction to the sun measured from 
this zero direction are given m the 
table below. Use a protractor to draw 
a spider web of lines radiating out from 
the earth in these different directions. 
The angles are measured counterclockwise 
from the zero line . 

Table 



Date 


Direction from e 


March 21 




0^ 


April 6 


15 


7 


May 6 


45 


0 


June 5 


73 


9 


July 5 


102 


5 


Aug . 5 


132 


1 


Sept., 4 


162 


0 


Oct. 4 


191 


3 


Nov. 3 


220 


1 


Dec. 4 


250 


4 


Jan . 4 


283 


2 


Feb. 4 


314 


n 


March 7 


346 


,0 
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There are other possible sources 
of systematic or cyclic error to 
consider. The effective focal length 
(and therefore of magnification) of 
the telescope might vary with tem- 
perature — and therefore with the sea- 
sons. (A study of solar diameter vs. 
air temperature could be made. But a 
more conclusive study would involve 
sim5.1ar photos from the southern 
hemisphere where the seasons differ 
from ours . ) 

After variation in the sun*s 
physical size has been ruled out as 
a probable explanation, return to 
the idea that this is an apparent 
variation only and that probably it 
results from a variation in the dis- 
tance from earth to sun. 

A The point where the ecliptic 
crosses the equator on March 21 is 
called the Vernal Equinox (see Unit 
2 text, page 9). The sun is then 
close to Pisces. A line from the 
earth of the Vernal Equinox is the 
reference line from which celestial 
longitudes are measured along the 
ecliptic. The angles are measured 
eastward from the 0° line. 




lERJCi 



This system is used in several of 
the Unit 2 experiments (Experiments 
17*, 18, 19, 21 as well as the pres- 
ent one) and students should be fa- 
miliar enough with it to understand 
what they are doing in these experi- 
ments. They should appreciate that 
the "0° line" is a line from the 
earth to a point (the Vernal Equi- 
nox) on the celestial sphere. 

Part of Transparency T14 can be 
used to help explain the system. 
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Project the film strip onto a 
wall or other flat surface to give 
an image of the sun between 50 and 
100 cm in diameter. Measure the 
diameters with a meter stick. Do 
NOT move or refocus the projector 
after the measurements start. 

In frames 7-18 the directions 
marked N and E refer to the directions 
as seen in the sky and not to direc- 
tions on the sun itself. Note that 
the direction marked "north" varies 
from frame to frame. This arises 
principally because the photographs 
were made at different times of the 
day. The frames always have the 
same alignment with respect to the 
horizon. Plates taken early in the 
morning have the north direction 

A 



tipped toward the left. We recom- 
mend measuring along the horizontal 
diameters which are parallel to the 
bottoms of the frames. This lessens 
the effect of atmospheric refraction, 
see Figs. 6.12 and 6.13 in the text. 
REMEMBER: Do not move the projector , 
or refocus . 

If you have more film strips than 
projectors, some students can meas- 
ure on the film directly, using a 
lOX magnifier. 

A 10 cm radius give an orbit which 
is convenient to use as the starting 
point for plotting the Orbit of Mars 
(Experiment 17^'0 . 

An off-center circle is the best 
curve to draw. 

Perihelion is January 3. Aphelion 
is July 5. 

The ratio ^P^f^^°" distance 
perihelion distance 

about 1.04. 
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Measure carefully the pro3ected diam- 
eters of each of the frames m the film 
strip. What is the relationship between 
these measurements and the relative dis- 
tance of sun from earth? Adopt a scale 
factor (a constant) to convert the diam- 
eters to distances from the earth m ar- 
bitrary units. Your plot of the earth- 
sun distance should have a radius of 
about 10 cm. If your measurement for the 
sun's diameter is about 50 cm, you should 
use a scale factor of 500 cm. 



Distance to sun 



constant 



500 



sun's diameter " diameter 

(For instance, if the measured diameter 
of the sun is 49.5 cm the relative dis- 
" 10.1 cm; and for 



tance will be , 
49 . 5 

a measured diameter of 51.0 cm the rela- 



tive distance would be 



500 



= 9.8 cm.) 



51.0 

Make a table of the relative distances 
for each of the twelve dates. 



Along each of the direction lines you 
have drav;n measure off a length corre- 
sponding to the relative distance to the 
sun on that date. Draw a smooth curve 
t.irough these points using a compass or 
a set of French curves. This is the or- 
bit of the sun relative to the earth. 
The distances are relative; we cannot 
find the actual distance in miles from 
the earth to the sun from this plot. 



Q4 Is the orbit a circle? if so, where 
is the center of the circle? If the or- 
bit is not a circle, what shape is it? 



Q5 Locate the major axis of the orbit, 
through the points where the sun passes 
closest to and farthest from the earthi 
What are the approximate dates of closest 
approach (perihelion) and greatest dis- 
tance (aphelion)? what is the ratio of 
aphelion distance to perihelion distance? 
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A heliocentric system 

Copernicus and his follov;ers adopted 
the sun-centered model only because the 
solar system could be described more 
simply that way. They had no new data 
chat could not be accounted for by the 
old model. If you are not convinced 
that the two models, geocentric and hel- 
iocentric, are equally valid descriptions 
of what we see, try one of the activities 
at the end of the notes on this experi- 
ment. 

You can use the some data to plot the 
earth's orbit around the sun, if you make 
the Copernican assumption that the earth 
revolves above the sun,. You already have 
a table of the relative distances of the 
sun from the earth. Clearly there's 
going to be some similarity between the 
two plots. The dates of aphelion and 
perihelion won't change, and the table 
of relative distances is still valid be- 
cause you didn't assume either model when 
deriving it. Only the angles used in 
your plotting ch? ^e. 

When the earth was at the center of 
the plot the sur was in the direction 0** 
(to the right) on March 21st. 

Q6 What is the direction of the earth 
as seen from the sun on that date? What 
is the earth's longitude as seen from 
the sun? (The answer to this question 
is given at the end of the notes on this 
experiment. Be sure that you understand 
it before going on.) 

At this stage che end is in sight. 
Perhaps you can see it already, without 
doing any more plotting. But* if not, 
here is what you must do: 

Make a new column m your table giving 
the angle from sun to earth.- (These are 
the angles given on the last frame of the 
fill? strip.) Place a mark for the sun 
at the center of another sheet of paper 
on each of the twelve dates. Use the 
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Students may be surprised to learn 
that the sun is actually closer to the 
earth in (northern hemisphere) winter 
than it is in summer • But this has 
nothing to do with seasons of course. 
They are caused by the inclination of 
the earth's axis of rotation to its 
plane of revolution. 



180^, 



If the plot is turned through 
180° the plot now represents the 
orbit of the earth around the sun. 

Some students lay see this, many 
probably won't. Rather than try to 
convince them by intellectual argu- 
ments that the same plot can be used 
for either orbit we suggest that they 
begin to plot the motion of the earth 
around the sun. If they are encour- 
aged to compare the new plot with 
their first one as they go along, 
they should soon realize that they do 
not need to make a whole new plot. 
Rotating the plot is all that is 
needed. 
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new angles to plot the orbit of the 
earth.. When you have rr.arked the earth's 
position on a few dates, compare the new 
plot with the first one you made around 
the sun. You may now see the relation- 
ship between the two plots. Before you 
finish the second plot you will probably 
see what the relationship is, and how 
you can use the same plot to represent 
either orbit. It ail depends on whether 
you initially assume a geocentric or a 
heliocentric Model. 

Answer to Q6 

The direction of the earth on March 
21st, as seen from the sun, is to the 
left on your plot. The angle is 180^. 
If you do not understand the answer read 
tiie following: 

I am standing due north ot you. You 
must face north to see me. When I look 
at you I am looking south.. If the direc- 
tion north is defined as 0^ the direction 
south is 180°. Any two "opposite" direc- 
tions (north and south, south-west and 
north-east) differ by 180°. 



About the photographs in the film 
strip 

Your students may comment that 
the solar images on the film strip 
are not uniformly bright. This phe- 
nomenon, called "limb darkening", 
(the edge of the sun is the "limb"), 
is evident because the layers of the 
sun are progressively cooler outward 
toward the surface. Light origi- 
nating near the edge of the sun comes 
from a higher and cooler layer than 
does light from the center of the 
sun's image. Thus the limb appears 
darker than regions nearer the sun's 
center . 



Two activities on frames of reference 

(1) You and a classmate take hold of 
opposite ends of a meter stick or a piece 
cf string a meter or two long.. You stand 
still while he walks around yju in a 
circle at a steady pace. You see him 
moving around you. But how do you appear 
to him? Ask him to describe what he sees 
when he looks at you against the back- 
ground of walls, furniture, etc. You may 
not believe what he says; reverse your 
roles to convince yourself. In which di- 
rection did you see him move — toward 
your left or your right? In which direc- 
tion did he see you move — toward his left 
or his right? 
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(2) The second demonstration uses a 
camera, tripod, blinky and turntable. 
Mount the camera on the tripod and put 
the blinky on a turntable. Aim the cam- 
era straight down. 



The high contrast photos show few, 
if any, sunspots. The sun rotates, 
but not as a solid body. The equa- 
torial regions rotate somewhat faster 
than do those at higher latitudes. 
In the equatorial regions the rota- 
tional period is about twenty-five 
days, but at the latitude of 30 de- 
grees, the period is about two and 
one-half days longer. This rotation 
is too slow to produce any measurable 
oblateness . 




Take a time exposure with the camera 
at rest and the blinky moving one revo- 
lution in a circle. If you do not use 
the turntable, move the blinky by hand 
around a circle drawn faintly on the 
background. Then take a second print, 
with the blinky at rest and the camera 
moved steadily by hand about the axis of 
the tripod. Try to move the camera at 
the same rotational speed as the blinky 
moved in the first photo. 

Can you tell, just by looking at the 
photos, whether the camera or the blinky 
was moving? 



The orbit of the moon 

The early Greek astronomers had 
no devices capable of detecting the 
small apparent variations of the 
sun's diameter. They did, however, 
detect the variation in the apparent 
diameter of the moon during the 
course of a lunar month. This is not 
surprising, since the eccentricity of 
the lunar orbit about the earth is 
relatively large (e = 0.055), and 
the resulting change in apparent size 
is about 10%, or 3 minutes of arc. 

A similar experiment can be used 
for determining the orbit of the moon 
about the earth. The necessary ma- 
terials were published by Owen Gin- 
gerich in the April, 1964, issue of 
"Sky and Telescope." Reprints are 
available from the Sky Publishing 
Corporation, 49 Bay State Rd., Can- 
bridge, Massachusetts, 02138. 
Costs: 10-24 copies @ $0.15 ea.; 
25-99 copies @ $0.10 ea.; 100-999 
copies @ $0.08 ea.; minimum order 
is $1.00. 
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The following are typical values 
for this experiment* 





Solar 


Date 


Dlam. 


Jan. 4 


50.0 


Feb. 4 


49.6 


Mar. 7 


49.5 


Apr. 6 


48.7 


May 6 


48.7 


June 5 


48.5 


July 5 


48.1 


Aug. 5 


48.6 


Sept. 4 


49.0 


Oct. 4 


49.5 


Nov. 3 


49.7 


Dec. 4 


49.9 


Sept. 23 






A) Plot of Sun^s apparent motion 
about the earth. The orbit is 
represented by a circle whose 
center is slightly above the 
earth's position on the plot 
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B) Plot of earth \s motion about the 
sun. The "0^" direction is still 
to the right. This plot is equiv- 
alent to the plot of the sun^s 
apparent motion about the earth 
rotated through 180^. 
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By working through some simple 
optical experiments students can learn 
enough optics to understand hox^ a 
telescope works. 



Use your own stock of assorted 
lenses. Include lenses which have 
the same diameter but different powers. 
Include some negative lenses (also 
some plane glass discs, if you have 
them). If necessary, use lenses from 
the telescope kits; otherwise, keep 
the kits in the background. CAUTION 
students to handle lenses by the 
edges and to keep their fingers off 
the surfaces. This method yields the 
maximum field of view and the mini- 
mum distortion. If the object dis- 
tance is held constant at its value 
for maximum magnification, the angular 
size of the image will remain con- 
stant as the eye is moved away from 
the lens. 

Magnifiers are thicker in the A 
middle than at edges. 



Curvature is the important feature. 



EXPERIMENT 16 Usinj Lenses, Making a 
Telescope, Using the 
Telescope 

In this experiment you will first 
examine some of the properties of single 
lenses , then combine these lenses to 
form a telescope which you can use to 
observe the moon, the planets and other 
heavenly (as well as earth-bound) objects. 

The simple magnifier 

You certainly know something about 
lenses already — for instance, that the 
best way to use a magnifier is to hold 
it immediately in front of the eye and 
then move the object you want to examine 
until its image appears in sharp focus. 

Examine some objects through several 
different lenses . Try lenses of a vari- 
ety of shapes and diameters. Separate 
any lenses that magnify from those that 
don't. Describe the difference between 
lenses that magnify and those which do 
not. 

^Ql Which lens has the highest magnifying 
power? Arrange the lenses in order of 
their magnifying powers. 

^ Q2 What physical feature of a lens seems 
to determine its power — is it diameter, 
thickness, shape, the curvature of its 
surface? 

Sketch side views of a high-power lens, 
of a low-power lens and of the lowest 
power lens you can imagine. 

Real images 

With one of the lenses you have used, 
project an image of a ceiling light or a 
(distant) window on a sheet of paper. 



n 



n 



ii 



Increasing magnification 

88 




rod 6 
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Describe all the properties of the image 
that you can observe. Such an image is 
called a real image . 

Q3 Do all lenses give real images? ^ 

Q4 How does the image depend on the lens? 

Q5 If you want to look at a real image ^ 

without using the paper, where do you 
have to put your eye? 

Q6 Why isn't the image visible from ^ 
other positions? 

Q7 The image (or an interesting pare of ^ 
it) may be quite small. How can you use 
a second lens to inspect it more closely? 
Try it. 

Q8 Try using other combinations of O 
lenses. Which combination gives the max- 
imum magnification? 

Making a telescope 

Parts list 

1 large lens 
1 magnifier 

1 small lens, mounted in a wooden 

cylinder 

2 cardboard tubes 
1 plastic cap 

Note the construction of the largest 
lens. This lens is called the objective 
lens (or simply the objective) . 

Q9 How does its magnifying power compare 
with the other lenses in the kit? 

Assembling the telescope 

The sketches show how the various parts 
go together to make your telescope. 








) 




n 



Colors reproduced correctly; image 
is inverted, two-dimensional, smaller 
than object. 

A Only the magnifying lenses produce 
real images of objects. A high power 
lens produces a smaller image, closer 
to the lens, than does a lower power 
lens . 

# Behind the image and at least 10 
inches from it, so the eye can focus 
on it. To a student who has trouble 
finding image: "How far would your 
eye have to be from a real obiect to 
see it clearly?" 

^ Light from the object that has 
gone through the lens is confined to 
a narrow cone, which the eye must 
intercept. 

^ Use magnifier, held at proper dis- 
tance from the real image. If a 
student has difficulty in placing the 
magnifier in the right place, let him 
focus the image on a sheet of paper, 
then remove paper. (The student has 
constructed a telescope!) 

O Lowest power len- as objective, 
highest power as eyepiece. 

Objective has lower magnifying 
power . 
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Notes on assembly 

1. If you lay the objective down on a 
flat clean surface, you will see that 
one surface is more curved than the other 
the more curved surface should face out- 
ward. 

2. Clean dust, etc., off lens (using 
lens tissue or clean handkerchief) before 
assembling telescope. 

3. Focus by sliding the draw tube, not 
by moving the eyepiece in the tube. 

4. To use high power satisfactorily, a 
firm support — tripod — is essential. 

5. Be sure that the lens lies flat in 
the high-power eyepiece. Low power gives 
about 12X magnification. High power 
gives about 30X magnification. 

Try out your telescope on objects in- 
side and outside the lab. The next sec- 
tion suggests some -astronomical observa- 
tions you can make. 

Telescope on Binoct lar Obsen/ations 
Introduction 

You should look at terrestrial objects 
with and without the telescope to develop 
handling skill and familiarity with the 
appearance of objects. 

Mounting 

Telescopic observation is difficult 
when the mounting is unsteady. If a 
swivel-head camera tripod is available, 
the telescope can be held in the wooden 
saddle by rubber bands, and the saddle 
attached to the tripod head by the head's 
standard mounting screw. Because camera 
tripods are usually too short for com- 
fortable viewing from a standing position, 
it is strongly recommended that the ob- 
server be seated in a reasonably comfort- 
able chair. The telescope should be 
grasped as far forward and as far back 
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as possible, and both hands rested firmly 
against a car roof, telephone pole, or 
other rigid support. 

Aiming 

Even with practice, you may have 
trouble finding objects, especially with 
the high-power eyepiece.. Sighting over 
the top of the tube is not difficult, but 
making the small searching movements 
following the rough sighting takes some 
experience. One technique is to sight 
over the tube, aiming slightly below the 
object, and then tilt the tube up slowly 
while looking through it. Or, if the 
mounting is firm and the eyepiece tubes 
are not too tight, an object can be found 
and centered in the field with low power, 
and then the high-power eyepiece care- 
fully substituted. Marks or tape ridges 
placed on the eyepieces allow them to be 
interchanged without changing the focus. 

Focussing 

Pulling or pushing the sliding tube 
tends to move the whole telescope. Use 
the fingers as illustrated in Fig. 1 to 
push the tubes apart or pull them to- 
gether. Turn the sliding tube whili^ 
moving it (as if it were a screw) fox" 
fine adjustment. 




Fig. 1 
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An observer's eyeglasses keep his eye 
nuch farther from the eyepiece than the 
optimum distance. Far-sighted or near- 
sighted observers are generally able to 
view more satisfactorily by removing 
their eyeglasses and refocussmg. Observ- 
ers with astigmatism have to decide wheth- 
er or not the astigmatic image (without 
glasses) is more annoying than the re- 
duced field of view (with glasses) . 

Many observers find that they can keep 
their eye in line with the telescope v/hile 
aiming and focussing if the brow and cheek 
rest lightly against the forefinger and 
thumb. When using a tripod mounting, the 
hands should be removed from the tele- 
scope while actually viewing to minimize 
shaking the instrument. (See Fig. 2.) 




Fig. 2 



Limitations 

By comparing the angular sizes of the 
planets with the resolving power of the 
telescope, you can get some idea of how 
much fine detail to expect when observing 
the planets. 

For a 30X telescope to distinguish be- 
tween two details, they must be at least 
0.001** apart. The low-pov;er Proj'ect 
Physics telescope gives a 12X magnifica- 
tion, and the high power gives 30X. 
(Note: Galileo's first telescope gave 
3X magnification, and his "best" gave 
about BOX. You should find it challeng- 
ing to see whether you can observe all 
the phenomena mentioned in Sec. 7.7 of 
your text.) 



92 



28 



Experiments 



Experiments 
E16 



The angular sizes of the planets as 
viewed from the earth are: 

Mars : 0 . 002 * (minimum) 

0 . 005* (maximum) 

Saturn: 0. 005* (average) 

Uranus: 0.001* (average) 

Venus: 0.003* (minimum) 

0 . 016* (maximum) 

Jupiter: 0.012* (average) 

Observations 

The following group of suggested ob- 
jects have been chosen because they are 
(1) fairly easy to find/ (2) representa- 
tive of what IS to be seen in the sky, 
and (3) quite interesting. You should 
observe all objects with the low power 
first and then the high pov/er. For addi- 
tional information on current objects to 
observe, see the Handbook of the Heavens f 
the last few pages of each issue of "Sky 
and Telescope," "Natural History," or 
"Science News." 

Venus: It will appear as a feature- 
less disc, but you can observe its phases / 
as shown on page 68 of your text. When 
it is very bright you may need to reduce 
the amount of light coming through the 
telescope in order to tell the true shape 
of the image. A paper lens cap with a 
hole in the center will reduce the amount 
of light. 

Saturn: It is large enough that you 
can resolve the projection of the rings 
beyond the disc, but you probably can't 
see the gap between the rings and the 
disc with your SOX telescope. Compare 
your observations to the sketches on 
page 69 of the text. 

Jupiter: Observe the four satellites 
that Galileo discovered. If you use the 
low-power eyepiece with the ruled scale, 
you can record the relative radii of the 
orbits for each of the moons. By keeping 
detailed data over about 6 months* time, 
you can determine the period for each of 
the moons, the radii of their orbits, and 
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then the nass of Jupiter. See the notes 
for film loop 12, Jupiter Satellite Orbit, 
in Chapter 8 of the Student Handbook for 
directions on how to analyze your data. 

Jupiter is large enough that some of 
the surface detail — like a broad, dark, 
equatorial stripe — can be detected (es- 
pecially if ycu knav' it should be there J) 

Moon: Best observations are made be- 
tween four days after new noon and four 
days after first quarter. Make sketches 
of your observations / and compare them 
to Galileo's sketch on page 66 of your 
text. Look carefully for v;alls, central 
mountains, peaks beyond the terminator, 
craters m other craters, etc. 

The Pleiades: A beautiful little 

group of stars which is located on the 
right shoulder of the bull in the con- 
stellation Taurus, They are almost over- 
head in the evening sky during December. 
The Pleiades were among the objects 
Galileo studied with his first telescope. 
He counted 36 stars, which the poet Ten- 
nyson described as "a swarm of fireflies 
tangled in a silver braid." 

TheHyades: This group is also in 

Taurus, near the star Aldebaran, which 
forms the Bull*s eye. The high power 
may show several double stars. 



B.C. 
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The Great Nebula in Orion: Look about 

half way down the row of stars which 
hangs like a sword in the belt of Orion. 
It is in the southeastern sky during De- 
cember and January. 

Algol, a f^-mous variable star, is j.n 
the constellation Perseus, south of Cas- 
siopeia. Algol IS high in the eastern 
sky in December, and near the zenith 
during January. Generally it is a sec- 
ond-magnitude star, like the Pole Star. 
After remaining bright for almost 2 1/2 
days, it fades for 5 hours and becomes 
a fourth-magnitude star, like the faint 

stars of the Little Dipper. Then it 
brightens during 5 hours to its normal 
brightness. From one minimum to the next 
the period is 2 days, 20 hours, 49 minutes. 

Algol, The Double Cluster in Perseus: Look 
ror the two star clusters at the top of 
the constellation Perseus near Cassiopeia. 
High power should show two magnificent 
croups of stars. 

Great Nebula in Andromeda: Look high 

in the western sky in December, for by 
January it is on the way toward the hori- 
zon. It will appear like a fuzzy patch 
of light, and is best viewed with low 
power. The light from this nebula has 
been on its way for 1.5 million years. 

The Milky Way: It is particularly 

rich in Cassiopeia and Cygnus (if air 
pollution in your area allov/s it to be 
seen) . 



By John Hart 
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EXPERIMENT 17 The Orbit of Mars 

(See student Activity, Three-Dimensional 
Model of Two Orbits, in this section, 
before starting this experinent.) 

In this laboratory activity you will 
derive an orbit for Mars around the sun 
by the same method that Kepler , used. 
Because the observations are made from 
the earth, you will need the orbit of 
the earth which you developed in Experi- 
ment 15. 

Make sure that the plot you use for 
this experiment represents the orbit of 
the eerth around the sun, not the sun 
around the earth. 

If you did not do the earth's orbit 
experiment, you may use, for an approxi- 
mate orbit, a circle of 10 cm radius 
drawn in the center of a large sheet of 
graph paper. Because the eccentricity 
of the earth's orbit is very small 
(0.017) you can place the sun at the 
center of the orbit without introducing 
a significant error in this experiment. 

From the sun (at the cencer) draw a 
line to the right, parallel to the grid 
of the graph paper. Label the line 0^. 
This line is directed toward a point on 
the celestial sphere called the Vernal 
Equinox and is the reference direction 
from which angles in the flane of the 
earth's orbit (the ecliptic plane) are 
measured . 

The earth crosses this line on Septem- 
ber 23. On March 21 the sun is between 

the earth and the Vernal Equinox. 

T/5/i/J 



/ 

' i * ^' 

-o-i^ e-*- ^ 5ejn 
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Fig-. 1. 
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The photographs 

^ou will use a booklet containing six- 
te^-r. enlaiged photographs of the sky 
showing Mars among the stars at various 
dates between 1931 and 1950. All were 
made with the same small camera used for 
the Harvard Observatory Sky Patrol. On 
some of the photographs Mars was near 
the center of the field. On many other 
photographs Mars was near the edge of 
the field where the star images are dis- 
torted by the camera lens. Despite these 
distortions the photographs can be used 
to provide positions of Mars which are 
satisfactory for this study. 

Changes m the positions of the stars 
relative to each other are extremely 
slow. Only a few stars near the sun 
have motions large enough to be detected 
from observations with the largest tele- 
scopes after many years. Thus we can 
consider the pattern of stars as fixed. 
Theory 

Mars is continually moving among the 
stars but is always near the ecliptic. 
From several hundred thousand photographs 
at the Harvard Observatory sixteen were 
selected, vith the aid of a computer, to 
provide pairs of photographs separated 
by 6?7 days — the period of Mars around 
the sun as deteimined by Copernicus. 
During that interval the earth has made 
nearly two full cycles of its orbit, but 
the interval is short of two full years 
by 43 days. Therefore the position of 
the earth, from which we can observe 
Mars, will not be the sane for the two 
observations of each pair. But Mars will 
have completed exactly one cycle and wil* 
be back in tht same position. If we can 
determine the direction from the earth 
toward Mars for each observation, the 
sight lines will cross at a point on the 
orbit of Mars. Th^s is a form of trian- 
gulation in which we use the different 
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None of the photos are retouched; 
they may show lint or dust marks or 
the pdges of dried watermarks which 
mar the originals. The center is 
often heavily exposed while the edge 
is barely exposed. This is due to 
vignetting (shadowing) at the edges 
of the field caused by camera design. 
The student is as close to the **data'* 
of observational astronomy as are re- 
search astronomers themselves. 

Some photographs show fewer or 
fainter stars than others because: 

1, In some parts of the sky, well 
away from the Milky Way, star density 
is low, 

2. Some of the photographs may 
have been made through chin cloud, 
smoke or haze, and will not show the 
fainter stars. 

The size of a focused image of 
Mars on the original plate is about 
1/1000 inch — as are the diffraction 
disks of star images. Consequently, 
the images of planets are theoreti- 
cally virtually indistinguishable from 
those of stars. Actually, light 
scattered within the photographic 
emulsion and ^'twinkling" causes 
brightei Images to grow larger than 
fainter images. 

The best image formed by a lens 
is on the optical axis (i.e., in the 
center of the picture). Distortion 
becomes more pronounced toward the 
edges of the field. One kind cf dis- 
tortion which makes the shape of 
images seem triangular is clearly 
evident in some of the frames taken 
from the edge of a plate. Nothing 
can be concluded about real shapes 
and sizes from these photos; they 
are valuable because they record rel- 
ative positions of Mars and the stars. 
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See Teacher Guide notes on experi- A 
ment 15 for more on this celestial 
coordinate system. Transparency T14 
could be used here . 

Because of the changing attractions 
of the moon and sun on the oblate 
earth, the earth's rotation has sev- 
eral wobbles. All except one are too 
small to be important in this analysis. 
The one large change is called pre- 
cession and has a period of 26,000 
years. During this time the direction 
in which the north pole of the earth 
points^ moves through a large circle 
on the sky. The result of this mo- 
tion is to cause the location of the 
Vernal Equinox to slide westward 
about 50" each year . Since our co- 
ordinate grids are based upon the 
Vernal Equinox as the z^*o point, the 
longitudes we assign the stars change 
very slowly with the years. For this 
study we have adopted the coordinate 
system of 1950.0. 

Almost surely some questions will 
arise about the "halo" around the 
bright object (Mars) in plates F and 
0. This occurs because the photo- 
graph emulsion is on a glass plate 

about ^ inch thick. As the sketch 

indicates, light from a very bright 
object will penetrate through the 
thin emulsion, be reflected by the 
back of the glass, and strike the 
emulsion from below in a ring around 
the initial image. 
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positions of the earth to provide a base- 
line (Fig. 2). Each pair of photographs 
in the booklet (A and B, C and D, etc.) 
is separated by a time interval of 687 
days . 




Fig. 2 Points 1 and 2 on the earth orbit are 
687 days apart. This is the period of Mars. 
Mars is therefore back in the same position. 
Observations of the direction of Mars on these 
two dates enable us to find its positio*^. 

Coordinate system 

^ When we look into the sky we see no 
coordinate system. We create coordinate 
systems for various purposes. The one 
we wish to use here centers on the eclip- 
tic. Remember that the ecliptic is the 
imaginary line along which the sun moves 
on the celestial sphere durin*;; the year. 

Along the ecliptic vve measure longi - 
tudes always eastward from the 0® point, 
the direction towards the Vernal Equinox. 
Perpendicular to the ecliptic we measure 
latitudes north or south to 90®. The 
small movement of Mars above and below 
the ecliptic is considered in the next 
experiment, The Inclination of Mars' 
Orbit. 

To find the coordinates of a star or 
of Mars we must project the coordinate 
system upon the sky. To do this you are 
provided with transparent overlays which 
show the coordinate system of the eclip- 
tic for each frame, A to P. The positions 
of various stars are circled. Adjust 
the overlay until it fits the star posi- 



^^^^ ^ 

/ ^ ^ ^ 




-r 



98 ^fjoij', /^//JTt; 



37 



Experiments 
EV 



tions. Then you can read off the longi- 
tude and latitude of the position of Mars, 
Figure 3 shows how you can interpolate 
between marked coordinate lines. Because 
we are interested in only a small section 
of the sky on each photograph, we can 
draw each small section of the ecliptic 
as a straight line. Since the values you 
obtain are to be used for plotting, an 
accuracy of 0.5® is quite sufficient. 
Record your results m the table provided. 



acL/PT/c 



Fig. 3 Interpolation between coordinate lines. 
In the sketch Mars (M) is at a distance y** from 
the 170° line. The distance between the 170® 
line and the 175° line is 5°. 

Take a piece of paper or card at least 10 cm 
long. Make a scale divided into 10 equal parts 
and la*." 1 alternate marks 0, 1, 2, 3, A, 5.. 
This gives a scale in ^® steps. Notice that 
the numbering goes from right to left on this 
scale. 

Place the scale so that the edge passes 
through the position of Mars. Now tilt the 
scale so that 0 and 5 marks each fall on a grid 
Une. Read off the value of y from the scale. 

In the sketch y = 1^ ® and so the longitude 
of M is 170^ + \Y = 171^®. 



This technique is necessary be- 
cause the plates are not all to .the 
same scale. 



For a simple plot of Mars' orbit 
around the sun you will only use the 
first column — the longitude of Mars. 
You will use the columns for latitute, 
Mars* distance from the sun, and the sun- 
centered coordinates if you derive the 
inclination, or tilt, or Mars* orbit in 
Experiment 18. Record the latitude of 
Mars? you might use it later on. 
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Longitude of Mars, as seen from 



Observed Pes 



Earth 








Plate 




Date 


long. 


A 


Mar 


21, 1931 


118.6° 


B 


Feb 


5, 1933 


169.0° 


C 


Apr 


20, 1933 


151.4° 


D 


Mar 


8, 1935 


204.4° 


E 


May 


26, 1935 


186.7° 


F 


Apr 


12, 1937 


245.7° 


G 


Sep 


26, 1939 


297.5° 


H 


Aug 


4, 1941 


916.5° 


I 


Nov 


22, 1941 


012.1° 


J 


Oct 


11, 1943 


080.1° 


K 


Jan 


21, 1944 


065.6° 


L 


Dec 


9, 1945 


123.2° 


M 


Mar 


19, 1946 


107.6° 


N 


Feb 


3, 1948 


153.4° 


0 


Apr 


4, 1948 


138.3° 


P 


Feb 


21, 1950 


190.7° 



Frame Date 

A Mar. 21, 1931 
B Feb. 5, 1933 



C Apr. 20, 1933 
0 Mar. 8, 1935 



E May 26, 1935 
F Apr. 12, 1937 



G sept. 16, 1939 
H Aug. 4, 1941 



I Nov.: 22, 1941 
J Oct. 11, 1943 



K Jan. 21, 1944 
L Dec. 9, 1945 



M Mar. 19, 1946 
N Feb. 3, 1948 



0 Apr. 4, 1948 
P Feb. 21, 1950 



Lon 



Now you are ready to locate points on 
the orbit of Mars. 

1. On the plot of the earth's orbit, 
locate the position of the earth for 
each date given in the 16 photographs. 
You may do t'lis by interpolating between 
the dates given for the earth's orbit 
experiment. Since the earth moves through 
360** in 365 days, you may use *1* for 
each day ahead or behind the date given 

in the previous experiment. (For example, 
frame A is dated March 21. The earth is 
at 166** on March 7 and 195. 7« on April 6. 
You now add 14<* (14 days) to 166** or sub- 
tract 17<* (17 days) from 196*.) Always 
work from the earth-position-date nearest 
the date of the Mars photograph. 

2. Through each earth position point 
draw a "0« line" parallel to the line 
you drew from the sun towards the Vernal 
Equinox (the grid on the graph paper is 
helpful). Use a protractor and a sharp 
pencil to establish the angle between 
the 0® line and the direction to Mars 
as seen from the earth (longitude of 
Mars). Lines drawn from the earth's posi- 
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itions of Mars 



Mar 


s 

Lat. 


Mars' 
Earth 


Dist 
Sun 


Helioct 
Long . 


2ntric 
Lat. 























































































tions for each pair of dates will inter- 
sect at a point. This is a point on 
Mars* orbit. Figure 4 shows one point on 
Mars* orbit obtained from the data of the 
first pair of photographs. By drawing 
the intersecting lines from the eight 
pairs of positions, you establish eight 
points on Mars* orbit. 

3. Draw a smooth curve through the eight 
points you have established. Perhaps you 
can borrow a French curve or long spline 
(e.g., from the mechanical drawing depart- 
ment) . You will notice that there are 
no points in one section of the orbit. 
But since the orbit is synunetrical about 
Its major axis you can fill in the missing 
part. 

Now that you have plotted the orbit 
you hpVG achieved what you set out to do: 
you have used Kepler's method to deter- 
mine the path of Mars around the sun. 

If you have time to go on, it is 
worthwhile to see how well your plot 
agrees with Kepler's generalization 
about planetary orbits. 
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\ 

\ 



\ 




Fig. 4 



Kepler's laws from your plot 

Ql Does your plot agree with Kepler's 
conclusion that the orbit is an ellipse? 

Q2 What is the mean sun-to-Mars distance 
in AU? 

Q3 As seen from the sun, what is the di- 
rection (longitude) of perihelion and of 
aphelion for Mars? 

Q4 During what month is the earth closest 
to the orbit of Mars? What would be the 
minimum separation between the earth and 
Mars? 

Q5 What is the eccentricity of the orbit 
of Mars? 

Q6 Does your plot of Mars' orbit agree 
with Kepler's law of areas, which states 
that a line drawn from the sun to the 
planet, sweeps out areas proportional to 
the time intervals? From your orbit you 
see that Mars was at point B' on February 
5, 1933, and at point C on April 20, 
1933/ 
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There are seven such pairs of dates 
in your data. The time intervals are 
different for each pair. 

Connect these pairs of positions with 
a line to the sun. Find the areas of 
these sectors by counting blocks of 
squares on the graph paper (count a 
square when more than half of it lies 



Two articles on measuring areas 
with planlmeters have appeared In the 
Scientific American , 1958 Aug., and 
1959 Feb. Mechanically minded stu- 
dents might wish to make and cali- 
brate their own planimeters. 



103 



Experiments 
E17 



Typical Result 

within the area). Divide the area (in 
squares) by the number of days in the 
interval to find an "area per day" value. 
Are these values nearly the same? 

07 How much (what percentage) do they 
vary? 

Q8 What is the uncertainty in your area 
measurements? 





In this plot we have drawn a 
circle, radius 15.5 cm (1.55 A.U.) 
that passes through or close to most 
of the positions of Mars. The center 
of the circle is above and to the left 
of the sun's position. 

Data for Mars' orbit 

Mean distance a = 1.52 A.U. 
Eccentricity e = 0.09 
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Q9 Is the uncertainty the same for 
large areas as for small? 

QIO Do your results bear out Kepler's 
law of areas? 

This is by no means all that you can 
do with the photographs you used to make 
the plot of Mars' orbit. If you want to 
do more, look at Experiment 18. 
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Some items for discussion 

1. As seen from the sun, what is 
the direction (longitude) of peri- 
helion and of aphelion of Mars? (ap- 
proximately 340°, 160° respectively) 

2. The sun-to-earth distance is 
often referred to as "one astronom- 
ical unit" (A.U.). What is the 
distance from sun-to-Mars in A.U.? 
(Maximum distance = 1.7 A.U., 
minimum distance =1.4 A.U,, mean 
distance = 1.55 A.U.) 

3. During what month is earth 
nearest the orbit of Mars? (Septem- 
ber) What is its distance in A.U. 
at this time? (about 0.4 A.U.) This 
is the closest that the two planets 
can ever approach each other. 

4. What is the eccentricity of 
the Mars orbit? (e = 0.09) 
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If you have some students who are 
interested in carrying further the 
analysis of Mars' Orbit (Experiment 
17) they can use the same material 
(star-field photographs and coordi- 
nate overlays) to derive the inclina- 
tion of Mars' orbit. 



EXPERIMENT 18 The Inclination of Mars' 
Orbit 

when you plotted the orbit of Mars in 
Experiment 17 you ignored the slight 
movement of the planet above and below 
the 3cliptic. This movement of Mars 
north and south of the ecliptic shows 
that the plane of its orbit is slightly 
inclined to the plane of the earth's or- 
bit. In this experiment you will measure 
the angular elevation of Mars from the 
ecliptic and so determine the inclination 
of its orbit. 

Theory 

From each of the photographs in the 
set of 16 you can find the latitude (angle 
from the ecliptic) of Mars as seen from 
the earth at a particular point in its 
orbit. Each of these angles must be con- 
verted into an angle as seen from the sun 
(heliocentric latitude) • 

Figure 1 shows that we can represent 
Mars by the head of a pin whose point is 
stuck into the ecliptic plane. We see 
Mars from the earth to be north or south 
of the ecliptic, but we want the N-S 
angle of Mars as seen from the sun. An 
example shows how the angles at the sun 
can be derived. 




Fig. 1 
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In plate A (March 21, 1933) in the 
booklet of photographs Mars is about 3.2* 
north of the ecliptic as seen from the 
earth . But the earth was considerably 
closer to Mars on March 21, 193 *-han 
the sun wa^. The angular elevation of 
Mars above the ecliptic plane as seen 
fron the sun will therefore be consider- 
ably less than 3.2*». 

Measurement on the plot of Mars' orbit 
(Experiment 17) gives the distance earth- 
Mars as 9.7 cm (0.97 AU) and the distance 
sun-Mars as 17.1 cm (1.71 AU) on the date 
of the photograph. The heliocentric 
latitude of Mars is therefore 

^ 3.2'>N = l.S'^N. 

You can get another value for the he- 
liocentric latitude of this point in Mars' 
orbit from photograph B (February 5, 
1933) . The earth was in a different 
place on this date so the geocentric 
latitude and the earth-Mars-distance will 
both be different, but the heliocentric 
latitude should be the same to within 
your experimental uncertainty. 



Making the measurements 

With the interpolation scale used in 
Experiment 17 measure the latitude of 
each image of Mars. If necessary / place 
the edge of a card across the 5** latitude 
marJcs. Remember that the scale factor is 
not the same on all the plates. 

On your Mars orbit plot from Experi- 
ment 17 measure the corresponding earth- 
Mars and sun-Mars distances. From these 
values calculate the heliocentric lati- 
tudes as explained above. The values of 
heliocentric latitude calculated from 
the two plates in each pair (A and B, C 
and D, etc.) should agree within the 
limits of your experimental technique. 
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On the plot of Mars' orbit measure 
the heliocentric longitude \^ for each of 
the eight Mars positions. Heliocentric 
longitude is measured from the sun, counter- 
clockwise from the 0* direction (direction 
towards Vernal Equinox) , as shown in 
Fig. 2. 

Complete the table given in Experiment 17 
by entering the earth- to-Mars and sun-to- 
Mars distances, the geocentric and helio- 
centric latitudes, and the geocentric and 
and heliocentric longitudes for all six- 
teen plates. 

Make a graph, like Fig. 3, that shows 
how the heliocentric latitude of Mars 
changes with its heliocentric longitude. 




Fig. 3 
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Fig, 2 The heliocentric longitude (xh) of Point 
B on the Mars orbit Is 150°; the r.eocentrlc longi- 
tude (Xg) measured from the eartK's position on 
February 5, the date of the photograph, was 169°, 

~ ^ O" 



From this graph you can determine two 
of the elements that locate the orbit of 
Mars with rfispect to the ecliptic. The 
point at which Mars crosses the ecliptic 
from south to north is called the ascend- 
ing node, (The descending node is the 
point at which Mars crosses the ecliptic 
from north to south.) The planet reaches 
its maximum latitude above the ecliptic 
90° beyond the ascending node. This max- 
imum latitude equals the inclination of 
the orbit i, which is the angle between 
the plane of the earth's orbit and the 
plane of Mars* orbit. 

Two angles, the longitude of the as- 
cending node, Q, and the inclination, i, 
locate the plane of Mars* orbit with re- 
spect to the plane of the ecliptic. One 
more angle is needed to locate the orbit 
of Mars in its orbital plane, ^This is 
the "argument of perihelion" w and is 
the angle in the orbit plane between the 
ascending node and perihelion point. On 
your plot of Mars* orbit measure the an- 
gle from the ascending node Cl to the 
direction of perihelion to obtain the 
argument of perihelion, w. 



37 



109 



Experiments 
E18 



The elements of an orbit are dis- 
cussed again in Expeiiment 21: Model 
of a Comet Orbit. 



Parameters of an orbi*. 

If you have worked along this far, you 
have done well. You have determined 
five of the six elements or parameters 
that define any orbit: 

a - semi-major axis, or ] From Exper- 
average distance (de- ) iment 17 
termines the period) _y 
e - eccentricity (shape of orbit) 
i - inclination (tilt of orbital plane) 
ft - longitude of ascending node (where 

orbital plane crosses ecliptic) 
w - argument of perihelion (orients 
the orbit in its plane) . 



These elements fix the orbital plane 
of any planet or comet in space, tell 



Transparency T18 shows this more 
clearly than a single drawing can. 




Fig. 
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This simple exercise provides ad- 
ditional experience with the concepts 
C'f orbit theory. Orbital eccentricity 
and Kepler's Second Law can both be 
srudied. Although this is a relatively 
brief activity, the results can be 
surprisingly accurate. Some pupils 
have done it at home in less than 20 
minutes • 

Because the orbit of Mercury is not 
a circle, the tangent to the orbit is 
not perpendicular to the line joining 
sun to planet, i.e., the assumption 
suggested here is only an approxima- 
tion. Students may find that t!iey 
cannot draw a smooth curve to join all 
the points located in this way. In 
this case it is quite legitimate to 
move some of the points slightly. 
The final orbit should be a smooth 
curve that touches, without crossing, 
all the sight lines. 



EXPERIMENT 19 The Orbit Of Mercury 

Mercury, the innermost planet, is nev.r 
very far froin the sun in the sky. It can 
only be seen at twilight close to the 
horizon, 3ust before sunrise or just after 
sunset, and viewing is made difficult by 
the glare of the sun. Except for Pluto, 
which differs in several respects from 
the other planets. Mercury's orbit is the 
most eccentric planetary orbit in our 
solar system ( e = 0.206). The large 
eccentricity of Mercury's orbit has been 
of particular importance, since it has 
led to one of the tests for the general 
theoiy of relativity. 

Procedure 

Let us assume a heliocentric model for 
the solar system. Mercury's orbit can be 
found from Mercury's maximum angles of 
elongation east and west from the sun as 
seen from the earth on various known 
dates . 

The angle o (Fig. 1) , measured at the 
earth between the earth-sun line and the 
earth-Mercury line, is called the "elonga- 
tion angle." Note that when 6 reaches 
its maximum value, the elongation sight- 
lines from the earth are tangent to Mer- 
cury's orbit. 




Fig. 1 
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Since the orbits of Mercury and the 
earth are both elliptical, the greatest 
value of 0 varies from revolution to rev- 
olution. In Fig, 5, 5 (a) in the text, the 
28** elongation angle given for Mercury 
re^^ers to the maximum possible value of 
0 for that planet.. 



Plotting the orbit 



Table 1 



Some Dates and Angles of 
Greatest Elongation for Mercury 
(From the American Ephemeris 
and Nautical Almanac) 



Date 






0 




Jan. 


4, 


1963 


19° 


E 


Feb. 


14 




26° 


W 


Apr. 


26 




20° 


E 


June 


13 




23° 


W 


Aug . 


24 




27° 


E 


Oct., 


6 




18° 


W 


Dec. 


18 




20° 


E 


Jan. 


27, 


1964 


25° 


W 


Apr. 


8 




19° 


E 


May 


25 




25° 


W 



You can work fron the plot of the 
earth's orb^t that you established in 
Experiment 15. Make sure that the plot 
you use for this experiment represents 
the orbit of the earth around the sun, 
not of the sun '"^round the earth. 
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If you did not do the earth's orbit 
experiment, you may use, for an approxi- 
mate orbit, a circle of 10 cm radius 
drawn in the center of a sheet of graph 
paper. Because the eccentricity of the 
earth's orbit is very small (0.017) you 
can place the sun at the center of the 
orbit without introducing a significant 
error in the experiment. 

Draw a reference line horizontally 
from the center of the circle to the 
right. Label the line O*'. This line 
points towards the Vernal Equinox and is 
the reference from which the earth's 
position in its orbit on different dates 
can be established. The point where the 
0® line from the sun crosses the earth's 
orbit is the earth's position in its or- 
bit on September 23. 

The earth takes 365 days to move once 
around its orbit (360®). Use the rate 
of 1** per day, or 30 per month to estab- 
lish the position of the earth on each 

of the dates given in Table 1. Remember 
that the earth moves around this orbit in 
a counter-clockwise direction, as viewed 
from the north celestial pole. Draw ra- 
dial lines from the sun to each of the 
earth positions you have located. 

Now draw sight-lines from the earth's 
orbit for the elongation angles. Be sure 
to note from Fig. 1 that for an eastern 
elongation. Mercury is to the left of ^he 
sun as seen from the earth. For a western 
elongation it is to the right of the sun. 



You know that on a date of greatest 
elongation Mercury is somewhere along 
the sight line, but you don't know exactly 
where on the line to place the planet. 
You also know that the sight line is tan- 
gent to the orbit. A reasonable assump- 
tion is to put Mercury at the point along 
the sight line closest to the sun. 
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You can now find the orbit of Mercury 
by drawing a smooth curve through, or 
close to, these points. Remember that 
the orbit must touch each sight line 
without crossing any of them. 

Calculating the semi-major axis a 

To find the size of the semi-major 
axis of Mercury's orbit, relative to the 
earth's semi-major axis, you must first 
find the aphelion and perihelion points 
of the orbit. You can use your drawing 
compass to find the points on the orbit 
farthest from and closest to the sun. 

Measure the size of the orbit along 
the line perihelion-sun-aphelion. Since 
10,0 cm corresponds to one AU (the semi- 
ma^or axis of the earth's orbit), you 
can now obtain the semi-major axis of 
Mercury's orbit in AU's. 

Calculating orbital eccentricity 

Eccentricity is defined as e = c/a 
(Fig. 2) . Since c, the distance from 
the center of Mercury's ellipse to the 
sun, is small on our plot, v;e lose ac- 
curacy if we try to determine e directly. 



Mercury's perihelion point occurs 
at a longitude of about 78° (in about 
the direction of the earth's position 
on December 10) . 



The major axis of Mercury's orbit 
is about 7.8 cm (0.73 AU) long. 

2a = 0.78 AU 
a = 0.39 AU 



The accepted value for a is 0.387 



AU. 




Fig. 2 



From Fig. 2, R , the aphelion dis- 
ap 

tance, is the sum of a and c. 



ap 



(a + c); 



but since c = ae, 

= (a + ae) = a(l + e) . 

ap 

Now, solving for e, 
R 

e = - 1. 

a 



From the plot R =4.60 cm, a = 



ap 



4.60 



3.9 

1 therefore e = 0.18. 



1 = 



3.9 cm therefore e = 
1.18 

The accepted value of e is 0.206. 



115 



ERICI 



Experiments 
E19 



Label the sun S and the positions 
of Mercury as follows: 

Jan. 4, 1963 A 

Feb. 14, 1963 B 

June 13, 1963 C 

Aug. 24, 1963 D 

Count the number of squares in the 
triangles SAB and SCD. 



Kepler's second law 

You can test the equal-area law on 
your Mercury orbit in the same way that 
is described in Experiment 17, The Orbit 
of Mars. By counting squares you can 
find the area swept out by the radial 
line from the sun to Mercury between 
successive dates of observation (e.g., 
January 4 to February 14, June 13 to 
August 24) . Divide the area by the num- 
ber of days in the interval to get the 
"area per day." This should be constant, 
if Kepler's law holds for your plot. Is 
it? 



With out data: 

SAB 274 sqs. . ^ ,^ 
~%ldays = ^^/^^y 

7.3 sq/day 

= 7.07 sq/day 

If the Law of Areas holds, these 
two ratios would be identically 
equal. Our experimentally determined 
ratios agree within 10%. Perhaps 
your students, using a smoother orbit, 
will obtain greater accuracy. 



SCD ^ 525 sqs. _ 



Avg. 



72 days 

274 + 525 
41 + 72 



Sample Result 
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technique for solving problems • Modern 
high-speed digital computers use repeated 
steps to solve complex problems, such as 
the best path (or paths) for a Mariner 
probe to follow between earth and Mars, 

Make these additional assumptions: 

1) The force on the comet is a radial 
attraction toward the sun. 

2) The force of the blow varies in- 
versely with the square of the dis- 
tance from the sun. 

3) The blows occur regularly at the 
ends of equal time intervals, in this 
case 60 days. The magnitude of each 
brief blow has been chosen to equal 
the total effect of the continuous 
attraction of the sun throughout a 
60-day interval. 

The effect of the central force on the 
comet's motion 

From Newton's second law you know that 

the gravitational force will cause the 

comet to accelerate towards the sun. If 

a force F acts for a time interval At 

on a body of mass m, w know that 

-> 

± Av 

F = ma = m — 
At 

. • .F At = m Av. 

This equation relates the change in 
the body's velocity to its mass, the 
force, and the time for which it acts. 
The mass m is constant. So is At (as- 
sumption 3 above) . The change in veloc- 
ity is therefore proportional to the 
force -AV « F. But remember that the 
force is not constant: it varies in- 
versely with the square of the distance 
from comet to sun. 

Q5 Is the force of a blow given to the 
comet when it is near to the sun greater 
or smaller than one given when the comet 
is far from the sun? 

Q6 Which blow causes the biggest velocity 
change? 
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Ql Ball will continue to move in a 
straight line with same velocity. 

Q2 Path direction will change. 

Q3 Speed may change depending on 
initial speed, and acceleration im- 
parted by blow. (In circular motion 
only direction changes, not speed.) 

Ball will move in a path made up 
of a series of straight line segments. 
If enough blows are given it will 
eventually return to somewhere near 
its starting point. 

# In the Project Physics film loops 
numbers 13 and 14 (Program Orbit I 
and Program Orbit II) a computer 
works out the same orbit by iteration. 
In the first loop the time interval 
between blows is long and the result 
is close to what students should ob- 
tain. In the second loop a much 
shorter iteration interval is used; 
the orbit is smoother. Both loops 
(certainly the second one) should 
probably be used after the students 
have made their plots. 



Q5 The force is -greater if the comet 
is near to the -»un 



Q6 The greater the force of th<* blow 
the greater the velocity change 
(A^«F)» Use transparency T14, over- 
lays 2 and 4, to help explain the 
addition of velocities. 
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There may be some confusion be- 
tween the two times involved, and 
their signif icance: - 

Because all blows have the same 
duration (At), Newton's Second Law 
Av 

F = m — can be simplified to Av^F 
At 

(m also being constant). 

Because the time interval between 
blows is constant (60 days) the comet's 
displacement along its orbit during a 
60-day interval is proportional to its 
velocity. 

Ad = V X 60 days, becomes ''lf%^v 



In Fig. 1 the vector v;, represents 
the comet's velocity at the point A. 
You want to plot the position of the 
comet.. You must use its initial velocity 
(vq) to derive its displacement (-d^) 
during the first sixty days: Adu = 
Vq ^ 60 days., because the time intervals 
between blows is always the same (60 
days) the displacement along the path is 

\ 
\ 

I 

A' 

Fig. 1 

proportional to the velocity — /id « v. 
We can therefore use a length proportional 
to the comet's velocity in a given 60-day 
period to represent its displacement dur- 
ing that time interval. 

During the first sixty days, then, 
the comet moves from A to B (Fig. 1) . At 
B a blow provides a force Fi which causes 
a velocity change /iVj , The new velocity 
after the blow is vi = vo + Av^ , and is 
found by completing the vector triangle 
(Fig. 2). 



Fig. 2 
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The comet therefore leaves point B 
•v;ith velocity vi and continues to move 
with this velocity for another 60-day 
interval- The displacement Adi = 
vj ^ 60 days establishes the next point, 
C, on the orbit. 

The scale of the plot 

The shape of the orbit depends on the 
initial position and velocity, and on 
the force acting. Assume that the comet 
is first spotted at a distance of 4 AU's 
from the sun. Its velocity at this 
point is V = 2 AU per year (about 
20,000 miles per hour) at right angles 
to the sun-comet radius.. 

The following scale factors will re- 
duce the orbit to a scale that fits con- 
veniently on a 20" x 20" piece of grapn 
paper. 

1. Let 1 AU be scaled to 2.5 inches, so 
4 AU becomes 10 inches (SA, in Fig. 3) . 

2, Since the comet is hit every 60 days, 
it is convenient to express the velocity 
in AU's ptr 60 days. We will adopt a 
scale facto.' in which a velocity of 

1 AU/60 days is represented by a vector 
2.5 inches long. 

The comet's initial velocity of 2 AU 

2 

per year can be given as AU per day, 

2 jo J 

or X 60 = 0.33 AU per 60 days. This 

scales to a vector 0.83 inches long. 



The particular orbit chosen is 
similar to that of the short-period 
comets, like encke's Comet, which 
stay entirely within the orbit of 
Jupiter. These parameters, and the 
60-day interval, give an orbit which 
is completed in about 25 steps. Half 
the orbit can be obtained in 12 steps. 

The earth's average orbital speed 
is about 60,000 miles per hour. 



The displacement of the comet in the 
first 60 days (Ad© = Vq 60) is 
(0.33 AU/60 days) x 60 days = 0.33 AU. 
This displacement scales to 0.83 inches. 

Notice that AB is perpendicular to SA, 
the line from the sun to S(Fig. 3). 
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Q7 At twice the distance from the sun 
the force, and therefore the Av will 
be one quarter . If A v = 1 AU/60 days 
for R = 1 AU, then for R = 2 AU Av = 
1/4 AU/60 days. 



3 

o 



S 



Fig. 3 
Computing Av 

On the scale and with the 60-day 
iteration interval that we have chosen 
the force field of the sun is such that 
the Av given by a blow when the comet is 

1 AU from the sun is 1 AU/60 days, 

Q7 What will the Av be at a distance of 

2 AU from the sun? 

Values of Av for other distances from 
the sun which have been calculated ac- 
cording to the inverse-square law are 
given in Table 1. 

Table 1 

R , f rom sun 



Av 



AU 


Inches 


AU/60 days 


Inches 


0.75 


1 


.87 


1 


.76 


4 .44 


0.8 


2 


.00 


1 


.57 


3.92 


0.9 


2 


.25 


1 


.23 


3.07 


1.0 


2 


.50 


1 


00 


2.50 


1.2 


3 


.0 


0 


69 


1.74 




3 


.75 


0 


44 


1.11 




5 


0 


0. 


25 


0.62 


2.5 


6 


25 


0. 


16 


0 .40 


3.0 


7 


50 


0. 


11 


0.28 


3.5 


8. 


75 


0. 


08 


0.20 


4.0 


10. 


00 


0. 


06 


0.16 




12;. 



same procedures to make a model of the 
.orbit of Mars. Cardboard, plastic sheets, 
or wire could be used. 












u . on 






F 


Apr 12, 


1937 


245.7 


0.7iJ 


22o 


0.3N 


6 


Sep 16, 


1939 


297.5 


4.6S 


335 


1.7S 


H 


Aug 4, 


1941 


016.5 


4. IS 


335 


1.7S 


I 


Nov 22, 


1941 


012.1 


0.6S 


043 


0.2S 


J 


Oct 10, 


1943 


080.1 


0.5S 


043 


0.2S 


K 


Jan 21, 


1944 


065.6 


2.7N 


096 


1.3N 


L 


Dec 9, 


1945 


123.2 


2.9N 


096 


1.3N 


M 


Mar 19, 


1946 


107.6 


3. ON 


142 


1.9N 


N 


Feb 3, 


1948 


153.4 


4.4N 


142 


1.8N 


0 


Apr 4, 


1948 


138.3 


3. IN 


169 


1.6N 


P 


Feb 20, 


1950 


190.7 


3.5N 


169 


1.6N 
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Twelve or thirteen steps should 
bring the comet to perihelion. If this 
is all they have time for students 
can complete the orbit by assuming 
that the halves are s3nTimetrical. 



Data from one plot: 

Perihelion distance = 1.1 AU 
Eccentricity = 0.54 
Period of revolution = 24 x 60 days 

= 4 years 



The closer the comet is to the sun 
the greater its speed. 

A student could draw a smooth 
ellipse by using the two-pin-and 
loop-of-string technique (Text Unit 2, 
page 55). 

The two film loops, Program Orbit I 
and Program Orbot II, bring out the 
point that the shorter the iteration 
interval the closer the orbit is to a 
smooth ellipse. 



8. Again the comet moves with uniform 
velocity for 60 days. Its displacement 
m that time is :.di = vi * 60 days and 
because of the scale factor we have 
chosen, the displacement is represented 
by the line BC. C is therefore a point 
on the comet's orbit.. 

9. Repeat steps 1 through 8 to establish 
point D and so forth, for 14 or 15 steps 
(25 steps gives the complete orbit) . 

10 . Connect points A, B, C . with a 
smooth curve. Your plot is finished. 

Prepare for discussion 

S^nce you derived the orbit of this 
comet, you may name the comet. 

Frc.-n your plot, find the perihelion 
distanc3 

Q8 What is the length of the semi-major 
axis of the ellipse? 

Q9 Find the center of the orbit and 
calculate the eccentricity. 

QIC What is the period of revolution of 
your comet? (Refer to text. Sec. 7.3.) 

Qll How does the comet's speed change 
with its distance from the sun? 

If you have worked this far, you have 
learned a great deal about the motion of 
this comet. It is interesting to go on 
to see how well the orbit obtained by 
iteration obeys Kepler's laws. 

Q12 Is Kepler's first law confirmed? 
(Can you think of a way to test your 
curve to see how nearly it is an ellipse?) 
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The time interval between blows is 
60 days, so the comet is at positions 

C, D,,,, etc, after equal time inter- 
vals. Draw a line from the sun to each 
of these points (include A) / and you have 
a set of triangles. 

Find the area of each triangle. The 
area of a triangle is given by A = ^ab 
where a and d are altitude and base, 
respectively. Or you can count squares 
to f'*nd the areas. 

Q13 Is Kepler's second law (the Law of 
Equal Areas) confirmed? 



More things to do 

1. The graphical technique you have 
practiced can be used for many problems . 
You can use it to find out what happens 
if different initial speeds and/or di- 
rections are used. You may wish to use 
the 1/R^/force computer, or you may con- 
struct a new computer, using a different 
law (e.g., force proportional to 1/R^, 
or to 2/R or to R) to produce different 
paths; actual gravitational forces are 
not represented by such force laws of 
course. 

2. If you use the same force computer 
(graph) but reverse the direction of the 
force (repulsion) , you can examine how 
bodies move under such a force. Do you 
know of the existence of any such repul- 
sive forces? 




The shapes of these orbits will be 
different, of course, but the Law of 
Equal Areas applies to any central 
force, attractive or repulsive. 



Forces between electrically charged 
bodies. 



Based on similar experiment developed by Leo Lavatelll 
Am. J. Phvs. 33, 605, 1967. 
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The transparency T17 illustrates 
the elements of an orbit more clearly 
than a single drawing can. 



EXPERIMENT 21 Mode! of a Comet Orbit 

The complete orbit of a comet can be 
derived from only three observations of 
its position, but this is quite an in- 
tricate process. Here we reverse the 
problem and make a three dimensional 
model of the orbit from the six elements 
that describe the comet's orbit. 

From this model, you will be able to 
construct at least a rough timetable 
(ephemeris) for the apparent positions 
of the comet and can check these against 
reported observations. Halley*s comet 
has been considered several times in the 
text and its orbit has several interesting 
features. When you have constructed the 
model you can compare it to the plot of 
observations across the sky during its 
last return, Fig. 6.10, p. 43 of your 
text. 



The elements of a comet's orbit 

Six elements are needed to describe 
a comet *s orbit. Three of these — semi- 
major axis, eccentricity and perihelion 
date — are already familiar from planetary 
orbits . 



The orbits of the eartn and the other 
planets are all in or very close to the 
same plane — the plane of the ecliptic. 
(If you did Experiment 18, you will re- 
member that Mars' crbit is inclined at 
about 1.8 degrees to the ecliptic.) But 
• this is not so for comets. The orbit 

1 of a comet can be inclined to the eclip- 

tic plane at any angle. Three more ele- 
ments — inclination, longitude of ascend- 
ing node and angle from node to peri- 
helion are needed to describe the 
inclination. These elements are illus- 
trated in Fig. 1. 
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Fig. 1 

The elements of Hal ley's comet ai^/ 
approximately: 

a (semi-ma^or axis) 17.9 AU 

e (eccentricity) 0.967 

i (inclination) 162° 

n (longitude of ascending 57'* 
node) 

u) (angle from ascending 112° 

node to perihelion) 

T (perihelion date) April 20, 1910 

From these data we also know that period 
P = 76 years, and perihelion distance 
q = a(l-e) = 0.59 AU. 

Plotting the orbit 

In the center of a large sheet of 
stiff cardboard draw a circle 10 cm in 
radius for the orbit of the earth. Also 
draw at^proximate (circular) orbits for 
Mercury (radius 0.4 AU) and Venus (radius 
0.7 AU) . For this plot, ycu can consider 
all of the planets to lie roughly m the 
one plane. Draw a line from the center, 
the sun, and mark this line as 0° longi- 
tude. Now, as in Experiments 15 and 17, 
you can establish the position of the 
earth on any date. You will need these 
positions of the earth later in the ex- 
periment . 
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A parabola is the conic section 
having eccentricity of 1. For 
Halley's Comet e = 0.967. 



Use another large sheet of stiff card- 
board to represent the orbital plane of 
the comet. Down the middle draw a line 
for the major axis of the orbit. Choose 
a point for the sun on this line about 
15 cm from one edge of the sheet. 

For this experiment, we can consider 
the oribt of Halley's comet as being es- 
sentially a parabola.. In fact the small 
near-sun section of the large ellipse 
dees have almost exactly that shape. Now 
you want to construct a parabola. 

You have an orbital plane with the 
major axis drawn and the position of the 
sun marked. Use the same scale as for 
the earth *s orbit (1 AU equals 10 cm) , 
and mark a point on the major axis at a 
distance q from the sun. This is the 
perihelion point / one point on the orbit. 
The orbit will be syuunetricai around the 
major axis and will flare out and away 
iTrom the perihelion point (see Fig. 2). 



/ 



/ 

/ 



\ 

\ 

\ 

\ 

\ 



Fig. 2 



Marl: an'^ther point on the major axis, 
at a distance q beyond the perihelion 
point/ or at a distance 2q from the sun. 
Draw a line perpendicular to the axis 
at this point: this construction line 
is known in analytical geometry as the 
"directrix." A parabola has the property 
that each point on it is equidistant 

130 







■■ ■ 
































'J, ^ 




I 

Vi 










'Mm 




M 






















Bite 





117 



Experiments 
E21 

from a straight line (the directrix) and 
from a fixed point (the focus) . 

Here is one way to draw a parabola: 
if you know another, try it. Draw a line • 
parallel to the directrix and at a dis- 
tance R from it. Use a drawing compass 
centered at the foci* 3 to swing two arcs 
of radius R, one above and one below the 
major axis. 

The intersections of the arcs and the 
line are two points on the parabola. Re- 
peat the process with arcs of different 
sizes to locate more points on the parab- 
ola. 
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body in a varying force field is com- 
plicated • However, if one assumes 
that the force acts intermittently at 
equal time intervals, like hammer 
blows, an orbit can be approximated 
rather quickly. This is the activity 
of this experiment. 

This "thought experiment" could A 
form the basis of a demonstration in 
which the teacher applies repeated 
lateral (sideways) blows all directed 
towards the same point, to a heavy 
ball, or air puck* Alternatively try 
a demonstration involving all the 
students — each one gives a centrally 
directed blow to the ball or puck, as 
it passes him. Ball's initial veloc- 
ity must be fairly high, and the 
blows not too strong. 



Kead Feynraan's Lectures on Phvsics . 
Vol. I, Chapter 9-7, for a mathemati- 
cal equivalent of this geometric 
n,ethod for computing orbits. Newton 
used this method to prove that 
Kepler's Second Law follows from a 
central force hypothesis: Principia . 
p. 40 etc., in paperback edition, 
(see text. Chapter 8.4, and the Unit 
II Reader), The experiment described 
here is based on that developed by 
Dr. Leo Lavatelli, University of Illi- 
nois (Am. J. Phys., Vol. 33, p, 605 
1965) . 



glass . 

Ql What would you predict for the path 
of the ball, based on your knowledge 
from Unit 1 of Newton's laws of motion? 

Q2 Suppose you were to strike the ball 
from the side. WouJd the path direction 
change? 

Q3 V^ould the speed change? Suppose you 
gave the ball a series of "sideways" 
blows as it moves along, what do you pre- 
dict its path might be? 

Reread Sec, 8.4 if you have difficulties 
answering these questions. 

A planet or satellite in orbit has a 
continuous force acting on it. But as 
tne body moves, the magnitude and direc- 
tion of the force change. To predict 
exactly the orbit under the application 
^ of this constantly changing force re- 
quires advanced mathematics. However, 
you can get a reasonable approximation 
of the orbit by plotting a series of 
separate points. In this experiment, 
therefore, you will assume a series of 
sharp "blows" acting at 60-day intervals 
on a moving comet and explore what orbit 
the body would follow. 

The application of repeated steps is 
known as "iteration." It is c oowerful 
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Now we have the two orbits, the comet' 
and the earth's, m their planes, each 
of which contains the sun. You need only 
to fit the two together. 

The I'me along which the orbital plane 
cuts the ecliptic plane is called the 
"line of nodes." Since you have the 
major axis dravn, you can locate the as- 
cending node, m the orbital plane, by 
measuring from perihelion in a direc- 
tion opposite to the comet's motion (see 
Fig. 4) . 
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Fig. 5 

To establish the model in three di- 
mensions yr>u must now fit the two planes 
together at the correct angle. Remember 

that the inclination i is measured upward 
(northward) from the ecliptic from the 
longitude + 90** (see Fig. 1), 

You can construct a small tab to sup- 
port the orbital plane in the correct 
position. In the ecliptic plane draw a 
line in the direction U + 90*. From 
this line measure off the angle of in- 
clination i towards the descending node. 

If the inclination is less than 90**, 
draw a line from the sun at the angle of 
inclination. Then with a r'::2or blade 
cut a section of the tab as shown in the 
sketch (Fig. 6). Ihe raodel will be 

/. ' 

4 1 fV". ■ 




Fig. 6 
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Halley's comet moves in the oppo- 
site sense to the earth and other 
planets. Whereas the earth and planets 
move counterclockwise when viewed from 
above (north of) the ecliptic, Halley's 
comet noves clockwise. 



stronger if you do not cut the triangular 
wedge all the way into the sun's position 
Fold the tab up vertically along the line 
iU + 90^) and tape it into place. 

If the inclination exceeds 90°, as 
it does for Halley's Comet, cut the tab 
and bend it up along tiie line + 270® 
(see Fig. 7) . 




Fig. 7 

When you fit the two planes together 
you will tind thit the comet's orbit is 
<-n the underside of the cardboard. The 
sii^plest way to transfer it to the top 
is to prick through with a pin at enough 
points to draw a smooth curve. 

Finally, you can develop the timetable 
or ephemeris, of the comet in its para- 
bolic orbit. Because all parabolas have 
the sam shape and eccentricity (e = 1) 
this calculation is simple. The time t 
(days) required for a bcdy to move from 
a solar distance r (AU) to perihelion is 
given by: 

t = 27.4(r + 2q) (r - q)^ 
where q is the perihelion distance. 

Times for certain values of r and q 
are given in Table 1. If plotted, these 
data produce an interesting set of 
curves . 
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Table 1 

Time (days) to perihelion passage from different 
soiar distances (r) for parabolic orbits of dif- 
ferent perihelion distances (q) 

(From Between the Planets . 
F.G.Watson, pp. 215-216) 



Solar 

disc. Perihelion distance, q (AU) 



r 


(AU) 


0 


0 


0 


.2 


0.4 


0.6* 


0.8 


1.0 


1.2 


2 


0 


77 


.5 


88 


A 


97.1 


103-8 


108-0 


109.6 


107.8 


1 


8 


66 


1 


76 


2 


84.3 


90.0 


93-2 


93.0 


88.6 


1 


6 


56 


1 


64 


.8 


72.0 


76.7 


78.2 


76.0 


69.4 


1 


4 


45 


4 


54 


0 


60.3 


63.6 


63.4 


59.0 


46.6 


1. 


2 


36 


0 


43 


9 


48.9 


50.7 


48.5 


38.0 


0.0 


1. 


0 


27 


4 


34 


3 


38.0 


38.2 


31.9 


0.0 




0 


8 


19 


6 


25 


4 


27.8 


24.5 


0.0 






0. 


7 


16 


1 


21, 


3 


22.5 


16.5 








0. 


6 


12 


8 


17, 


3 


17.2 


0.0 








0. 


5 


9 


7 


13, 


5 


11.3 










0. 


4 


6 


9 


'9 


8 


0.0 


*This 


column was 


used j 


0. 


3 


4 


5 


6. 


1 




determining dates on 


0. 


2 


2. 


5 


0. 


0 




Fig. 


4. 






0. 


1 


0 


9 

















Since the date of perihelion passage 
of Ifalley's Comet T (April 20, 1910) is 
given, you can use this table to find the Picture showing how the two planes 

dates at which the comet was at various 8° together, 

solar distances before and after peri- 
helion passage. Mark these dates along 
the ox'bit. 

Finally locate the earth's position in 
its orbit for each of these dates. 

For each date make a sightline from 
the earth to the comet by stretching a 
thread between the two points. 

You can make a timetable for the ap- 
parent posicions of the comet in the sky 
by measuring the longitude of the comet 
around the- ecliptic plane as seen from 
the earth on each date. With a protrac- 
tor estimate the latitude of the comet 
(its angular height from the ecliptic) . 

Plot these points on a star map having 
ecliptic coordinates or plot them roughly 
relative to the ecliptic on a map having 
equatorial coordinates, such as the con- 
stellation chart SC-1. 
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If you have persevered this far, and 
your model is a fairly accurate one, it 
should be easy to explain the comet's 
motion through the sky shown m Fig. 6.10.. 
The dotted line in the figure is the 
ecliptic. 

With your model of the comet orbit you 
can now answer some very puzzling ques- 
tions about the behavior of Halley's 
Comet m 1910, as shown in Fig. 6.10. 

1 . Why did the comet appear to move 
westward for many months? 

2. How could the comet hold nearly a 
stationary place in the sky duiing the 
month of April 1910? 

3. After remaining nearly stationary for 
a month, how did the comet move nearly 
halfway across the SKy during the month 
of May 1910? 

4* What was the position of the comet in 
space relative to the earth on May 19th? 

5, If the comet *s tail was many millions 
of miles long on May 19th, is it likely 
that the earth passed through part of 
the tail? 

6» Were people worried about the effect 
a oomet*s tail might have on life on the 
earth? (See newspapers and matjazines of 
19101) 
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so that the horizontal (R) axis passes 
through the point where the blow is ap- 
plied (e.g., point B) . Read off the 
value of R at B. Pick off the value of 
Av corresponding to this R from the com- 
puter with dividers. Lay off this dis- 
tance (Av) inwards along the radius line 
towards the sun (see Fig. 5 on next 
page) . 

Making the plot 

1. Mark the position of the sun S half- 
way up the large graph paper and 12 
inches from the right edge. 

2. Locate a point 10 inches (4 AU) to 
the right from the sun S. This is point 
A where we find the comet. 

3. Draw vector AB 0.8 3 inches (0.33 AU) 
long through point A, perpendicular to 
SA. This vector represents the comet's 



. . . = f 

i 7 5 ^ 

Fig. 4 
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n 1909-10. 



7. Did anythinn unusual happen? Hov/ 
dense is the material in a comet's tail? 
Would you expect anything to have hap- 
pened? 



velocity (0.33 AU/60 days), and B is its 
position at the end of the first 60-day 
interval. At B a blow is struck which 
causes a change in velocity avj . 

4. Use your Av computer to establish 
the distance of B from the sun at S, and 
to find AVj for this distance (Fig. 5). 

5. The force, and therefore the change 
in velocity, is always directed towards 
the sun. From B lay off AVj towards S. 
Call the end of this short line M. 

6. Draw the line BC' wlii^^i; is a continu 
ation of AB and has the same length as 
AB. 

7. To find the new velocity vj use a 
straightedge and triangle to draw the 
line C'C parallel to BM and of equal 
length. The line BC represents the new 
velocity vector vi , the velocity with 
which the comet leaves point B (Fig. 6). 
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Equipment Notes 
Epicycle Machine 

Epicycle Machine 

This has been redesigned slightly. 
To produce "inside" loops the drive band 




should not be crossed. If it is crossed 
the epicycle rotates in the opposite 
sense to the deferent and the resulting 
figure will either (a) be an eccentric" 
circle (for 1:1 gear ratio) or (b) will 
have "outside" loops (for other ratios). 




To attach the machine to a phonograph 
turntable (see "Epicycles and Retrograde 
Motion" in the Unit 2 Student Handbook) 
tape an extra piece of wood (1" x 3/4" 
^ 8") to the handle. Drill a 9/32" hole 
in the middle to take the turntable spin- 
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Background Information on Calendars 

(modifying Sees. 5.1 and 3.1) 

In 45 B.C. Julius Caesar decreed a 
new civil calendar of 365^ days, based 
only upon the motion of tne sun. As the 
text of Unit 2 indicates, this "Julian" 
year exceeded the actual motion of the 
sun by 11 minutes and 14 seconds. As a 
result the Julian calendar was slow by 
one day in 128 years. By 1582 A.D. the 
Julian calendar was off by ten days and 
the sun passed the vernal equinox on 
March 11 rather than on March 21, as re- 
quired by church canons. In 1582 Pope 
Gregory XIII abolished the old calendar 
and replaced it with a new civil calendar 
now Known as the Gregorian or New Style 
Calendar. October 4, 1582 was followed 
by October 15th. The new calendar was 
immediately adopted by all Catholic 
countries, but England and some other 
non-Catholic countries would not adopt 
the new calendar because it was estab- 
lished by Catholics. Not until 1752 aid 
the Gregorian calendar (New Style) final- 
ly become official in England. 

When the change from Julian to Gre- 
gorian calendars was made in England in 
17 52, September 2 was followed by Septem- 
ber 14 for a correction of 11 days. Many 
peasants are reported to have claimed 
they "v^anted their eleven days back." 
George Washington was actually born on 
February 11, 1732. Scholars have to be 
careful to distinguish Julian (Old Style) 
dates from Gregorian (New Style) dates 
on original documents from the latter 
half of the eighteenth century. 



Some further examples of the confu- 
sions presented to historians by the 
change between the Julian and Gregorian 
calendars can be illustrated by the birth 
and death dates of Newton. Often Newton 
is said to have been born in the year 
that Galileo died. Galileo died in Italy 
on January 8, 1642 (New Style) and Newton 
was born in England on December 25, 1642 
(Old Style). When the date of Newton*s 
birth is changed to New Style (Gregorian) 
it becomes January 5, 1643. 

Newton's death if generally reported 
as occurring on Ma- 20, 1727; yet the 
year carved on his ab in Westminster 
Abbey is 1726. When the Calendar Act of 
1750 went into effect in 1752, not only 
were eleven days dropped from the time 
record, but also the date of New Year's 
Day was changed from March 25 to January 
1. Actually Newton died on March 20, 
1726 {Old Style) , but on the new calendar, 
which was adopted later, this became 
March 20, 1727 (New Style) . Schematically 
the change looked like this: 



' nf>A nhy X/i/ c^c-f./l/cv 0' 



nx? 



mi 
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Size and Dist.-Sun and Moon 

Epicycles 

Armlilary Sphere 

(modifying Sees. 5.1 to 5.3) 

An armillary sphere is a mechanical 
device which shows the various coordinate 
systems used in the sky. Metal arcs 
are used to represent the horizon, the 
celestial equator and the ecliptic as 
well as north-south and east-west co- 
ordinates. You will find such a device 
very helpful as you try to visualize 
these imaginary lines in the sky. 

Armillary spheres, and plastic spheres 
which can serve the same function, are 
available from several scientific equip- 
ment companies. (For example, item 
#6881A from the Welch Scientific Company, 
listed 1965. sells for $49.90.) However, 
you can make a reasonably satisfactory 
substitute for $2.00 or less from a 
hemispherical hanging-plant basket pur- 
chased from a garden supply store. 

These wire baskets come in various 
sizes; 10 or 12 inches in diameter would 
probably be most useful. Two would make 
a sphere. They will have a great circle 
with ribs going toward the bottom (pole) . 
One or tv;o small circles of wire parallel- 
ing the great circle help support the 
ribs (meridians) . You can add wire cir- 
cles for other coordinates; for example, 
if the great circle represents the equa- 
tor, add another great circle tipped at 
23h^ to show the ecliptic. Use bits of 
paper to locate some of the brighter 
stars. 

Note on the Sizes and Distances to the 
Sun and Moon, by Aristarchus. 
(modifying Sec. 5.6) 

This summary is based on the section 
in A Sourcebook in Greek Science , m. R. 
Cohen and I. E. Drabkin, McGraw Hill Co., 
New York City, 1948. 

Aristarchus assumed that the moon 
was a sphere shining by reflected sun- 
light. As the figure shows in an exag- 
gerated manner, when the moon appeared 
to be just half illuminated, it would be 
located less than 90* from the sun. 
Aristarchus measured the angle at the 




earth between the sun and moon vhen the 
moon appeared to be exactly at first 
quarter — half illuminated, as 87** (actu- 
ally the angle is about 89° 50*). By a 
complicated geometrical analysis he con- 
cluded that the sun must be between 18 
and 20 times farther from the earth than 
is the moon. But the distance to the 
moon was known approximately to be sev- 
eral hundred thousands of miles. There- 
fore the distance to the sun must be 
several million miles. 

The analyss also provided information 
on the sizes of the moon and sun.. The 
moon was fou id to have a diameter about 
one third ot that of the earth. Then 
the sun, having the same anuglar size 
at 18 times the moon's distance / must be 
at least 18/3 or 6 times the diameter of 
the earth, and 216 times the volume of 
the earth. To some philosophers, this 
raised a question whether the larger 
body would move around the smaller one. 
Note that there was no evidence of con- 
cern for the masses of these bodies. 



Epicycles 

(modifying Sec. 5.7) 

The epicycle photographed for Fig. b.l4 
has a radius about half that of the def- 
erent. Ptolemy's values for the planets 
are almost the same as those used by Co- 
pernicus and shown in tables 6*1 to 6.3. 

The rates of angular motion obtained 
by the use of epicycles did not agree 
well with the observations at certain 
sections of the orbits. As Fig. 5.16 in- 
dicates, in a series of oppositions of 
Mars no two occurrences were identical. 
To provide a better fit between theory 
and observations, Ptolemy introduced 
another geometrical device, called the 
equant. As Fig. 5.17 of an equant in- 
dicates, the point P moved at a constant 
distance from the center, 0. (Epicycles 
around P could also be added.) P moved 
at a uniform angular rate about an off- 
center point C, while the earth and ob- 
server were located at E, offset equally 
but oppositely to C. The search for 
stability and uniformity, or predicta- 
bility, required increasingly complex 
descriptions. 

There is little evidence that anyone 
believed that the planets actually moved 
through space in paths described by 
Ptolemy; his analysis was strictly mathe- 
matical for the prediction of precise 
positions of each planet separately . 

Figure 5.15 is a simplified scale dia- 
gram of the Ptolemaic system. The sim- 
plification results from the omission 
of the eccentrics and equants , and of 
the several motions of the moon. Notice 
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that each planet had only one epicycle. 
All other cyclic motions were represented 
by eccentrics and equants. The very 
large epicys^le for Venus occupies about 
three-fourths of the space between the 
earth and sun. To Copernicus this was 
of special interest. With a protractor, 
students can check the angles subtended 
at the earth by the epicycles of iMercury 
and Venus to see if they agree with those 
shov;n in Fig. 5.5., 

The lower part of Fig. 5.15 shov;s 
that the radii of the epicycles for Mars, 
Jupiter and Saturn had a period of one 
year and were always in line with the 
earth-sun line. This diagram will be- 
come important in Chapter 6 when wr dis- 
cuss how Copernicus replaced all these 
large epicycles by one annual motion for 
the earth, and derived distances to the 
orbits of the planets. In the Ptolemaic 
system, each planet was considered to be 
at a distance such that its motion did 
not quite overlap that of the adjacent 
planets. Actually, to Ptolemy these 
planetary distances were not important. 

Our awareness of the advanced degree 
of Greek mathematics and technical skfll 
was sharply increased a few years ago 
by the discovery of the so-called 
Antikythera machine, named for an island 
near which it was found. About the size 
of a large book, this device apparently 
contained at least twenty gears and a 
crov;n wheel, as well as pointers moving 
over dials. While the use of this com- 
plex, but badly corroded, machine is 
still to be unravelled, it is suspected 
that it was used to compute the positions 
of the sun and moon, and possibly of the 
planets too. The machine was recovered 
from the remains of a ship which sank 
about 65 B.C. Some students may want to 
read "An Ancient Greek Computer" by 
Derek J. De Solla Price in Scientific 
Am.'rican, June, 1959. 



Note on the "Chase Problem" 

(modifying Sec. 6.2) 

The motions of the hands of a clock 
provide a commonplace illustration of 
**he "chase problem" described in the 
text and teacher guide. Sec. 6.2. Be- 
cause the hands are moving in the same 
direction and because the hour hand con- 
tinually moves ahead, the minute hand 
must "chase" the hour hand in order to 
overtake and pass it. Th questions 
listed below might be used to stimulat i 
class discussion before or during a 
demonstration with a clock. 

1. How many times does the minute 
hand overtake and pass the hour hand 
during an elapsed time of 12 hours? 
(Eleven times.) 



2. Starting with the hands m the 

12 o* clock position, at vhat time will 
the minute hand overtake the hour hand? 
(ih 05^ 27^.) 

3. Can we derive an expression to 
show the relationship between the period 
of the minute hand, the period of the 
hour hand and the synodic period (the 
time between successive overtakes)? 

Observe the hands of a clock or watch 
through 12 revolutions of the minute 
hand. Students may predict- 11, 12 or 

13 "overtakes," but there will be only 
11. 

Now find the relationship between the 
period of the hands and the synodic 
period; let Tm be the "sidereal period" 
of the minute hand. (The "sidereal 
period" is the time required for the re- 
volving object to make one complete rev- 
olution — 60 minutes in this case.) Let 
Tj^ be the "sidereal period" of the hour 
hand (12 hours or 720 minutes) and let 
Ts be the "synodic period" of the hands. 
In one minute, the minute hand advances 

revolution; its rate of motion is |- 

^m 

revolution per minute. Therefore, in time 
'^s 

T3, It must make =r- revolutions. In the 

m T 
same time, the hour hand must make =^ 

1 ^ 

revolution at a rate of =— revolution 
per minute. 

Turn the hands of the clock through 
one synodic period. Note that the minute 
hand makes one complete revolution, then 
goes an additional fraction of a revolu- 
tion or angle, which is the same as that 
traversed by the hour hand. In symbols, 
T T T 

= + m— . This expression can be 
m ^m ^h 

rea-^ranged to find the value of any one 
of the quantities. Solving for Tg gives 

T T 

the synodic period: T = = — " . 

^ ^h ' 

Substituting 60 minutes for T^, and 
720 minutes for Tj^ gives Tg = 65.45 min- 
utes, 1" 05"^ 27S, or 1.019 hours. 

Ask students to imagine that they are 
riding on the minute hand of a huge 
clock, and that they can see the hour 
hand, the center of the clock, and vari- 
ous landmarks in the room around them. 
By observing the center of the clock 
against the background, they can measure 
Tip. By observing the hour hand each 
time they see it line up with the center 
of the clock (the hour hand is shorter 
than the minute hand) , they can measure 
Ts. Solving the expression derived above 
for T^, they can determine the sidereal 
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period of the hour hand. This is exactly 
the procedure astronomers use to deter- 
mine the periods of the planets. The 
clock analogy is very close to the situa- 
tion for earth and Jupiter; the synodic 
period is about 1.092'years, and Jupiter's 
sidereal period is then about 11,8 years, 

A simple device to demonstrate these 
revolutionary relationships on an over- 
head projector ban be constructed froip 
a "dollar" pocket watch, a piece of 1/8- 
inch plastic and a few bits 5f wire. Re- 
move the crystal from the v;atch, and 
cement the v^ratch, face up, to the center 
of a 12" X 12" sheet of plastic. Cement 
a 2" length of wire to the "linute hand 
and a 4' length of wire to the hour hand. 
Cement small discs of paper to the ends 




Derivation of planetary periods 

Because some students may request a 
more precise solution for the period of 
a planet, the following may be useful . 
Assume that 

1. the ear a E and an outer planet 
P move around the sun in circular or- 
bits, 

2, the periods of the revolutions 
are for the earth (one year), Tp for 
the planet, and Tp is greater than Te- 




cf the wires to represent planets. Solder 
or braze a 7" length of heavy wire to the 
winding stem of the watch. Place the 
plastic on the stage of an overhead pro- 
jector and rotate the hands slowly by 
twisting the wire soldered to' the winding 
stem. 

With a little more effort, the device 
described here can be used to show how 
the retrograde motion of the planets 
occurs. Instead of paper discs on the 
wires, cement thumbtacks with their 
points up. Then cut a very thin pointer 
from balsa wood so that it will ride on 
the two thumb tacks as the hands revolve. 
The pointer will show clearly the appar- 
ent backward motion of the outer "planet" 
as seen from the inner one, each time 
the minute hand overtakes the hour hand. 

Another analysis of this problem is 
given below. 



Their rates of angular motion as seen 
from the central sun are — and 

^P 

As seen from the earth this difference 
in angular rate will result in the earth 
gaining on the planet. After an inter- 
val Tg, called the synodic period, the 
earth, planet and sun will again come 
to the same relative positions. For ex- 
ample, the planet might be seen from the 
earth to be in opposition at intervals 
of 680 days. During this interval, as 
Fig. 1 indicates, the earth will have 
made one more revolution about the sun 
than has the planet. This synodic period 
can be between oppositions, or any other 
identifiable configuration such as maxi- 
mum elongation. Then the synodic rate, 
the rate of overtake in the chase problem 
is 



1_ 
T 



1_ 
T^ 



1_ 



"s E *P 

But the synodic period Tg can be found 
by observation, while the earth's period 
Tg is known as one year. Then 



1_ 
T^ 



1_ 
T^ 



which becomes 



T^ = 



For Mars Tg = 780 days, while Tp. = 
365 days. Then ^ 
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„ _ 365 days 365 days ^o-r j 

^Mars = T. = 1 - ,469 = ^^y^-^ 

V 780 / 

If the planet moves inside the earth's 

orbit; the planet gains on the earth and 
the equation becomes 

T T T ' P T 

Consider Venus / which comes to maximum 
elongations at an average interval of 
584 days. Then 

^ _ 365 days _ 365 , 

^Venus /, . 365 \ ** 1 + 0.626 aays. 
\^ 584 J 



Atmospheric Refraction 

(modifying Sec. 6.7) 

Any ray of light entering the earth's 
atmosphere at a slant is bent downward, 
with the result that we see the source 
to be higher above the horizon than it 
really is. The farther the body is from 
the observer's zenith (straight over- 
head) , the greater is the length of the 
air path and also the angle at which the 
ray enters the atmosphere. As a result 
the amount of deviation by refraction 
increases rapidly near the horizon. The 
curved atmosphere is acting like a thin 
lens. 

Because the amount of the refraction 
increases rapidly near the horizon, the 
observed image of the setting sun is 
distorted. The bottom limb of the sun 
is i*alf a degree farther from the zenith 
than is the :»pper limb of the sun. Light 
from r.he lower limb is refracted upward 
more, und the sun takes on an elliptical 
or oval appearance, as seen in Fig. 6.12. 

An interesting consequence of this 
refractive effect is that the actual sun 
(no atmosphere) has set below t..e hori- 
zon before the lower limb of tha apparent 
(refracted) sun touches the horizon. 
Notice also that most of the blue and 
much of the green light is scattered 
from sunlight by the atmosphere. The 
only light not strongly scattered (Ray- 
leigh scattering) is red, the color of 
the setting sun. 

If you i/ished to expand on this re- 
fractive effect and the coloring due to 
scattering, consider the appearance of 
the moon in tot.al eclipse. Students may 
be surprised to learn, and perhaps can 
confirm from their own observations some- 
time, that the moon does not "go black.** 
Instead it appears coppery red, even in 
the middle of the earth's shadow. V?ith 



a bit of suggestion, students can con- 
clude that the thin edge of the earth's 
atmosphere perpendicular to sunlight is 
acting like a thin lens. Thus some sun- 
light is refracted into the earth's shad- 
ow. The path of this light through the 
earth's atmosphere is twice as long as 
the light we see from the setting sun. 
Therefore, only red light remains in the 
rays refracted into the earth's shadow. 

Clearly atmospheric refraction would 
result in errors in star positions unless 
corrected. Yet long sequences of care- 
ful observations, such as those made by 
Tycho, are needed before the corrections 
can be determined. 



About Mass 

(modifying Sec. 8.7) 

In Sec. 3.7 the concept of mass is 
introduced as something that is measureo 
by inertia, the resistance to a change 
in motion. This sort of mass is called 
inertial mass , and it is the one used in 
Newton's second law, F = ma. 

We measured the inertial mass of a 
body by seeing how its motion changes 
under the action of a known force 

In Sec. 3.8 the concept of mass is 
connected with gravitational forces of 
attraction. Here the mass of a body is 
a measure of the gravitational force 
that other bodies exert on it, or that 
it exerts on other bodies. Assigning a 
value to the mass of one particular body, 
we can, in principle, find the relative 
mass of any other by measuring the gravi- 
tational force between the two. That 
sort of mass is called gravitational 
mass . 

The question now arises whether the 
inertial and gravitational masses of a 
body are linearly proportional to each 
other. If they are, we can set them 
equal to each other by adjusting the 
units in which we measure one or the 
other. 

If we know how bodies accelerate when 
experiencing just a gravitational force, 
then we can tell whether inertial and 
gravitational masses are proportional. 
Consider two bodies A and B with iner- 
tial masses m_ and m-. and gravitational 

A. B. 

masses m^ and mg . We put body A a dis- 

g g 

tance R from a fixed third body with 
gravitational mass M, and we ask for the 
acceleration of body A when it experiences 
only the gravitational attraction due to 
M. Using Newton's second law, we have 

Gm_ M 
A 

2— = n, a 

r2 ^i A 
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Articles 

Relations in an Ellipse 



or 



(1) 



If we do the same with body B, we cjet 



R2 



(2) 



Now if a body's gravitational mass is 
linearly proportional to its inertial 
mass, i.e., mg = kmi in general, where 
k is a ur.'versal constant, then 



and 



\ ^i 
Hg = kmg . 

g 1 



If we put the first of these ex- 
pressions into Eq. (1) and the second 
into Eq. (2), then we get 



GM 



i.e., the two accelerations will be 
equal. To check this analysis all we 
need do is perform the experiment and 
see if the accelerations are equal. 

If we use the earth as M, we would 
conclude that, at a given distance from 
the earth's center, all freely falling 
bodies should have the same acceleration. 
Therefore, experimental verification 
that this is true would be proof that 
inertial mass is proportional to gravita- 
tional mass. Unfortunately, the experi- 
ment is very difficult to perform with 
high precision. 

Isaac Newton devised an experiment 
that tested the proposition in an in- 
direct way. A pendulum bob is not a 
freely falling object, but in its motion 
to and fro it does accelerate, and the 
value of its acceleration governs the 
rate of oscillation. Newton was able to 



T = 271 




m. a 

g 


X _ t 
' • a g 


if m. = m 
= 1 g 




One can test for each 
then test for various 


bob separately, 
materials. 



show that only if inertial mass is pro- 
portional to gravitational mass will the 



rate of oscillation be the same for 
pendulum bobs of different mass. Nev;ton 
made a hollow pendulun bob in the form 
of a thin metal shell into which he put 
different materials, always being care- 
ful to see, by using an equal arm bal- 
ance, that the weight of the material 
was the same each time. Since weight is 
a measure of gravitational mass, any dif- 
ference in the rate of oscillation of the 
pendulum would be due to a difference in 
inertial mass. Uc such difference ap- 
peared, and Newton concluded that inertial 
and gravitational masses are equivalent. 

For more recent studies of this topic, 
see reader article Rl8. Professor Dicke 
and his co- workers at Princeton University 
believe they have shown the equivalence 
of inertial and gravitational mass to 
within 1 part in 10^^. 



Relations in an Ellipse 



a = ma30r axis 

b = minor axis 

c = focus from center 

e = eccentricity 



c/a 



0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
0.95 



b/a 



(1 - e2)^' 



0.995 

0.98 

0.955 

0.916 

0.866 

0.800 

0.715 

0.600 

0.435 

0.313 



Give the equation, (b/a) 



2 = 



(1 - e2) 



and suggest that someone work out this 
table and graph it. Student^s will be 
surprised to see hov; rapidly e changes 
with shape — or how "round" is an ellipse 
of larae e. 
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Articles 

Moon's Irregular Motion 
Measuring G 



The Moon's Iriegular Motion 

(mocifying Sees. 8.14 and 8.17) 

The observed motion of the moon con- 
tains 'nany small variations which cannot 
be predicted by the simple assumption of 
a qravitational force between two mass 
points mj, and m^. 

?*3ev;ton*s investigations accounted for 
some Df these discrepancies/ but he stud- 
ied only a few. Nevertheless , his theo- 
retical results were reasonably close to 
the observed values of his time. 

Though the process of applying the 
law of universal gravitation to separate 
sets of two-mass systems may seem to al- 
low relatively easy solutions for motions, 
what happens when a third body gets in- 
volved? ThuS/ the sun-earth and earth- 
moon systems appear to be simple gravita- 
tional phenomena; but the reality is a 
single sun-moon-earth system that becomes 
so complex that a solution of its motions 
by gravitational theory becomes possible 
only under very limited conditions (that 
is, if based upon very special assump- 
tions) . 

Perhaps this kind of complication be- 
comes more real for the student, if you 
associate it with Fig. 8.10, page 97, 
the diagram on page 89 and its applica- 
tion in Experiment E20. 

What if another large body (like Jupi- 
ter at 5 AU from the sun) were on the 
other side of the comet (see the figure 
below)? The student can then realize 
the prediction of orbital motion must be 
painstakingly (and painfully) worked out 
by adding up all the acceleration vectors 
concerned. This suggests the real problem 




Measuring G 

(modifying Sec. 8.15) 

It might also be easier for some stu- 
dents to understand another method of 
measuring G, whicn was designed and car- 
ried out by a German physicist. Von Jolly, 
in the mid-nineteenth century. He used 
an equal-arm balance instead of the 
rather complicated torsion apparatus' of 
Cavendish/ On one side. Von Jolly put 
a spherical flask filled with mercury 
and balanced' this with weights in the 
other pan. Then he put a large lead 
sphere below and close to the flask of 
mercury. He could determine the distance 
between the two spheres. The gravita- 
tional force between the two spheres 
caused the side with the flask to dip 
down slightly. Then the weights neces- 
sary to rebalance the equipment were a 
measure of the Fg^^^ between the spheres. 

Here is a set of figures typical of 
the Von Jolly experiment which your stu- 
dents can use to calculate G for them- 
selves: 




mj (mass of mercury) = 5 kg 
m2 (mass of lead sphere) = 5775 kg 
R (between sphere centers) = 0.57 m 
^grav ~ extra mass added for balance, 
0.59 milligrcuns, or 
5.9 y 10"^ kg X 9.8 = 
57.8 y 10""^ newtons.' 



Then 



of computing paths or orbits for real 
space probes, moon-missions, and Mars and 
Venus fly-bys, where all the planets are 
attracting the space ship (or another 
planet). As with Gemini 10, the computa- 
tions are so lengthy and complex that 
precision orbits, docking, etc., would be 
impossible without high-speed computers. 

You might refer your students to the 
article, "The Earth's Gravity," by 
Weikko A* Heiskanen, in the September 
1955 Scientific American * (Reprints are 
available from W. H. Freeman & Co., 660 
Market Street, San Francisco, California.) 



grav 



and 



Gmim2 



FR2 



G = 



mim2 

57.8 X lO""^ X (5.7 y lO'M^ 



5 y 5.775 x io3 

G = about 6.5 x lO''^^ m^/kg-sec^. 

You might ask the students to indicate 
which of the above measurements present 
probable sources of error, and why. 



145 



Articles 

"True" Sofar Scale 
Theories 



(For example/ does the lead ball also 
attract the weights in the other can?) 
Another important point that could be 
nade here is that the Cavendish exoeri- 
ment represents an inertial method' of 
measuring G, while the Von Jolly experi- 
ment uses the gravitational method. You 
might v.-ish to refer back to Sec. 3.8. 

A "True" Scale of Sun, Moon, and Earth* 

Charles K. Arey, Professor of Education 
University of Alabama, University 

I have seen many schoolroom scale 
models of the solar system or parts 
thereof, but none which employs the same 
scales for both planetary distances and 
diameters. The following partial model 
avoids this difficulty and thus may 
provide a truer and more readily under- 
standable picture of the immensity of 
space. 

On a scale of one million miles to an 
inch/ the sun, being about three-quarters 
of a million miles in diantater/ would be 
represented by an object 3/4 inch in 
diameter. The earth/ 93 r.nches away/ 
would be about eight thousand millionths 
or 1/125 of an inch in diameter. The 
moon/ one quarter of a million miles 
away/ would be located at 1/4 inch from 
the earth. 

Measure off 93 inches on the blackboard 
or a convenient wall. Tape a five-cent 
piece/ which is about 3/4 inch in diam- 
eter/ to the board to represent the sun. 
From ordinary newspaper print/ cut one 
period with a small amount of white 
paper around it, and paste it 93 inches 
away from the nickel to represent the 
earth. From the smallest print to be 
found/ cut another period. Paste this 
second period 1/4 inch from the first. 
This period represents the moon, and com- 
pletes the model. Other dots can be 
placed between "earth" and "sun" to rep- 
resent the inner planets / but these 
probably add little effectiveness to the 
model. 

This model can bring home to the 
learner how very large and empty space 
really is, even within the solar system. 
We talk glibly about man exploring space, 
but so far men have not yet gone the 
first quarter-inch/ and it may be quite 
a while before they do. 



♦Reprinted from The Science Teac her. 
September, 1967/ page 63. 



Theories (a:; EXTENSION) 
(modifying Sec. 8.19) 

Theories often have important practi- 
cal applications. This is less apparent 
in the astronomical context, although 
the development of instruments and mathe- 
matics were influenced. Many other ex- 
amples of more direct practical conse- 
quences will appear through the course. 
Currently rocket developnent is having 
a major impact upon the design of many 
commercial products; this often occurs 
without public notice. 

As human creations, theories are oro- 
duced/ developed/ judged and applied' by 
men who have personal prejudices and 
frailties. Therefore the combined judg- 
ment of many scientists is safer than the 
reaction of one* Yet history may shov; 
that the one might be right and the ma- 
jora'-y wrong. It is important here to 
try to replace the all- too-common snap- 
judgment/ good-or-bad evaluation of new 
idoas by developing a critical interest 
in theories as possibilities. One can 
be informed about and interested in a new 
theory without necessarily accepting or 
rejecting the theory. Suspended judg- 
ment is often a mark of maturity. 

Can the students suggest other theories 
in science/ government/ economics/ etc. 
which at first seemed shocking, yet have 
become commonly accepted? Perhaps im- 
pressionistic art now commonly used in 
advertising would be an example. What 
was the public reaction to Manet/ Picas- 
so / etc.? Or have someone interested in 
music report on the initial reception of 
the compositions of Wagner/ Brahms / or 
Stravinsky. (The latter 's ballet/ The 
Rites of Spring / was loudly booed wFiin 
first performed in Paris in 1913,) Or 
perhaps consider the acceptance of Ulys- 
ses by James Joyce. 

Contest among ideas, the trial by com- 
bat, is essential in science and every 
other field of human creation. Supine 
acceptance or adulation of the great 
man's creation or its casual rejection 
marks a decadent subject or society. 

Theories are changed over time. They 
are not fixed and permanent to be idol- 
ized, but rather are working tools to be 
used and resharpened. Rarely is a theory 
completely abandoned. Most are modified, 
but some are replaced. Scientists, like 
other people, cannot tolerate a complete 
absence of some sort of explanation. 
They will not completely abandon an old 
theory/ even if it is known to have seri- 
ous limitations. At least it worked in 
some cases / and still satisfies some 
phenomena. 

In many ways scientists are artists. 
Each is a specialist in the study and 
interpretation of some set of phenomena. 
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Each brings to his work a general sense 
of what type of theories and explanations 
is satisfying. That is, scientists have 
personal styles. Some are mainly con- 
cerned about the precision of measurement 
and the design of equipment. Others 
look at theories as the bases for pre- 
dictions. Still others try to imagine a 
variety of possible explanations; and 
seme are more daring than others. Ein- 
stein and F'^^rmi are revered because they 
were very imaginative and would play with 
possibilities, turning them this way and 
that to see what consequences might re- 
sult. In this way the individual charac- 
teristics of the scientists are most 
apparent. At least initially, the pos- 
sible line of a theory is always quali- 
tative and often pictorial. The "sort 
of like this" imagery comes first and 
reveals the basic aesthetic approach of 
the individual, his vision of the world 
in which he lives. 
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KEY: 



(T) Recommended for teacher background. 

(S) student supplementary material. 

(T,S) Teacher should read first. 

(S,T) student can read; teacher uould find useful. 

* Highly recommended.. 

'** Essential. 



(T,S) 



(T) 



(S) 



Good texts for general use in astronomy are those by: Abell, Drever, Hovle, 
PanneKoek and Reichen. ^ r y f 

Recommended strongly for teachers and students are the books by: Andrade, 
Armitage Asimov, Bernhari (et al. ) , Beveridge , Butterfield, Caspar, Drake, 
Dreyer, Galileo, Newton and Rosen. The rest are titles worth knowing about. 
Many will make good reading for interested students. ^ 

*"Sky and Telescope," magazine published by Sky 
Publishing Company, 49-51 Bay State Rd. , Cambridge, 
Mass. Recommend for your school library. Will 
enable you to quickly locate planets, meteor 
showers , comets , etc. 



Abell, George 0. 



Alter , Dinsmore 
Clemenshaw , Clarence 
Phillips, John G. 



(S,T) Andrade, E. N. da 



(S) 
(S,T) 



Armitage, Angus 
Asinov, Isaac 



(T) 



Bernhard, Hubert J. 
Bennet*: , D. A. 
Rice, Hugh S. 



(T,S) Beveridge, W. I. B. 



(S) 



Bixby, William 



(S,T) Bondi, Hermann 



* Exploration of the Universe , Holt, Rinehart, and 
Winston, New York, 1964. 

College-level text. Good for teacher*s reference. 

Pictorial Astronomy , Thomas Y. Crowell Co., New York, 
1963. 

Good diagrams and pictures. (Chapter 5) 

* Sir Isaac Newton , Doubleday Anchor Books, Garden 
City, New York, 19 58. 
Biography., (Chapter 8) 

* Sun, Stand Thou Still , Mentor Paperback, 
very readable on Copernican system. (Chapter 6) 

Asimov*s Biographical Encyclopedia of Science and 
Technology , Doubledav & Co.. Tnn. ^ r^^r^on r^hy, — 
New York, 1964. 

A very readable source of information on over a 
thousand men of science. Hirrhly recommended for 
students and teachers. 

* New Handbook of the Heavens , Signet Book, McGraw-Hill 
Book Co., Inc., 501 Madison Ave., New York, 1948. 
For references to events and as an aid in sky 
watching . 

The Art of Scientific Investigatio n, Random House, 

New York, 1951. 

Good discussion, readable, includes some biological 
and medicaJ examples. 

The Universe of Galileo and Newton , Harper and Row, 
551 Fifth Ave., New York, N. Y. , 1964. 
Easy reading. (Chapters 7, 8) 

The Universe At Large , Wesleyan Univ. Press, Inc., 
Columbus, Ohio, 1960. 
Good reference for unit. 
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(S,T) Brecht, Bertoldt 



Galileo , Grove Press, 1959., 

Brecht *s last play. For students interested in the 
theatre. 



(T) Bronowski , J.: 



(T,S) Butterfield, Herbert 



(T,S) Caspar, Max 



(S) Cellini, Benevenuto 



(T,S) Clagett, Marshall 



(T,S) Cohen, I. Bernard 



(T) Crombie, A. C. 



{T ,S) Dampier, William C. 
Dampier, Margaret 



(T) de Santillana, Giorgio 



(T) Drake, Stillman 
(translator) 



(T) Dreyer, J. L. E. 



(T,S) Dreyer, J. L. E. 



The Common Sense of Science , vintage Paperback, 
V-168. 

Interesting discussion from a practical viewpoint. 

* The Origins of Modern Science , Collier Books, New 
York, 1951. 

Good book for introductory philosophy. Teacher 
should read first. 

Kepler, 1571-1630 , Collier Books, New York, New 
York, 1962 (transl. C. D. Hellman) . 
Definitive biography, less about his scientific 
works. (Chapter 7) 

Autobiography , Dodd and Mead, New York, New York, 
1961. 

Report of life in time of Galileo. Good reading 
for students. (Chaptir 7) 

Greek Science in Antdquity , Collier Books, New York, 
New York, 1963. 

Supplement for Unit 2. (Chapter 7) 

* The Birth of a New Physics , Wesleyan Univ. Press, 
Inc. , Columbus , Ohio, 1960. 

Teacher should read and then assign passages for 
interested students. 

Medieval and Early Modern Science , Vols. I and II, 
Doubleday-Anchor Books, Garden City, Nev; York, 1959. 
Good supplement to teacher's library. 

Readings in the Literature of Science , Part I: Cos- 
mogony. Harper Torchbooks , 1959. 

Brings out some interesting facets relating science 
and literature. 

The Crime of Galileo, University of Chicago Press, 
Chicago, Illinois, 1959. 

Report of research into the Church versus Galileo 
problem. (Chapter 7) 

** Discoveries and Opinions of Galileo , Doubleday An- 
chor Books, Garden City, New York, 19 57. 
Presents the astronomical discoveries which made him 
famous and the philosophical interpretations which 
cost him his freedom, in essentially Galileo's own 
words. Includes: The Starry Messenger, Letters on 
Sunspots, Letter to the Grand Duchess Christina, ex- 
cerpts from The Assayer. (Chapter 7) 

A History of Astroncany , Dover Publishing, Inc., 180 
Varick St., New York, New York, 1953. 
Difficult reading but vill be helpful. (Chapters 
5, 6) 

Tycho Brahe , Dover Publishing, Inc., 180 Varick St., 
New York, New York, 1963. 

Bi9graphy of Tycho — gives account of his activities 
which largely centered around careful observations 
of the planets. (Chapter 6) 
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Greek Science , Penguin Books, Inc., 3300 Clipoer Miii 
Road, Baltimore, Md., 1961. 

Describes Greek thought during the years of early 
attempts to find how the universe was assembled.* 
(Chapter 5) 

Galileo and the Scientific Revolution , Basic Books, 
Inc. , New York, New York, 1961. . 
Galileo's contributions to the scientific revolution 
adequately presented. (Chapter 7) 

Philosophy of Science , Prentice-Hall, inc., Engle- 
wood Cliffs, New Jersey, 1957, Chapters 1-4., 
Lengthy. Some students would be interested. Teach- 
ers should read- 

** Two New Sciences , Translated by Crew and de Salvio, 
Dover Publishing, Inc., New York, New York, 1914. 
Translation of Galileo's famous works. (Chapter 7) 

Gravity, Science Study Series, Anchor Books, 1962. 
(Chapter 8) 

* The Scientific Revolution , The Beacon Press, Boston, 
Mass., I96u. 

Teacher background will become more sophisticated 
after reading. Some students might like it., 

Stonehenge Decoded , Doubleday & Co., 1965. 

* Introduction to Concepts and Theories of Physical 
Science , Addison Wesley , Reading, Mass., 1952. 
College-level dsicussion of Unit 2 material. 

Astronomy , Doubleday & Co., Inc., Garden City, N. Y. , 
1962. ^ 
Good resource material, beautiful illustrations. 

The Nature of the Universe , Harper and Bros., N. Y. , 
N. Y. , 1950. 

Easy reading. Good supplement for some students. 

The Origins and Growth of Physical Science , Parts I, 
II, and III. Penguin Books, Baltimore, Md., 1964. 
Interesting supplementary source for teachers and 
some students. 

Pictorial Guide to the Planets . Thomas Y. Crowell 
Co., New York, New York, 1965. 

Good pictures, some students vnuld enjoy this book. 

The Watershed. Wesleyan Univ. Press, Inc., Columbus 
Ohio, I960. 

Biography of Kepler. (Chapter 7) 

*From th e Closed World to the Infinite Universe , 
Harper and Bros., New York, New York, Chapters 1-4. 
Presents the interrelationship of scientific and 
philosophic history. (Chapter 6) 

* The Copernican Revolution , Modern Library Paperbacks, 
Random House, New York, New York. 
Good for teachers. (Chapter 6) 
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Pioneers of Science , Dcver Publications, Inc., 

New York," New York, Pa^t I, 19 60. (Originally oub- 

lished in 1893. ) 

Highly recommended for students. Includes Ptolemy, 
Copernicus , Kepler. 

Naked-Ey e Ast ^nr>'ny, w. W. Norton, 1966. (Chap- 
ter 5) ' *~ 

** Mathema^^ Principles of Natural Philosophy 
Vol . I : The Motior of Bodie s 
Vol . II: The Syst e n of the World 
Translated into EngLish by Andrew Motte in 1729, 
revised by Florian CTajori , University of California 
Press, Berkeley and Los Angeles, California, 1962. 
A must for the desk of any physics teacher. 
(Chapter 8) 

The Exact Sciences in Antiquity , Harper Torchbooks, 
TB552, I960, 

Science and Imagination , Great Seal Books, Ithaca, 
New York, 1962, 

The Watchers of the Skies , Blackwood Press, London, 
1933, 

Poem re: Copernicus, Kepler, Galileo, etc. Good 
literature, might encourage English classes to use 
it. 

Toward- Modern Science, Vols, I and II , Farrar, Straus 
and Cudahy, New York, New York, 1961, Vol, I, 
pp, 35-37. Vol, II, pp. 115-131; 192-216. 
Difficult, but valuable to teacher's background. 

A History of Astronomy , Interscience Publ, Co., New 
York, New York, 1961. 

Adequate historical development for students during 
Unit 2. 

Making of the Modern Mind , Houghton Mifflin, 1940. 
Useful source on intellectual history, 

A History of Astronomy , Hawthorne Books, Inc., 70 
Fifth Ave,, New York, New York, 1963, 
Good account for early development of Unit 2 for 
students , 

* Three Copernican Treatises , Dover Publications, Inc, , 
180 Varick St,, New York, New York, 
If thn teacher has not read this book, he should. 
Part I is Copernicus* "Commentariolus , " Introduction 
very useful. (Chapter 6) 

The Harmonious World of Johann Kepler , Little Brown, 
1962, 

Easy reading, fictional biography, (Chapter 7) 

Pioneers In Astronomy , George G, Harrap & Co, / Ltd, , 
London, 1964, Chapters 1-3, 

Good/ easy reading, covers scientists in Unit 2, 

* The Fabric of the Heavens , Harpers, 1961, 
Historical discussion of the development of astron- 
omy. Parallels the emphasis in this unit. 
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* Between the Planets , Doubleday Paperback N--17, Garden 
City, New York. Comets — Chapters 4 and 5. 
A help on understanding comets and their paths 
(Chapters 7, 8) 

* Knowledge and Wonder , Wesleyan Univ. Press, Inc., 
Columbus, Ohio, 1963. 

Early chapters important to Unit 2. Plan to read 
all of this after you once start. 

* Earth, Mopn, and Planet s, Harvard University Press, 
Cambridge , Mass . , \963 . 

Popular treatment, easy reading, students will like 
it. (Chapters 7, 8) 

Essays In Science and Philosophy , Philosophical Li- 
brary, New York, New York, 1948.^ Part IV: Science. 
Fascinating addition to teacher's library. 

A History of Science, Technology and Philosophy in 
the 16th and 17th Centuries , (2 volumes) , Harper 
Torchbooks , 1959. 



Resource Letters: 

Teachers should know of and obtain copies of resource letters reprinted from the 
American Journal of Physics. Resource letters may be obtained free by sending a self- 
addressed, stamped envelope to the American Institute of Physics, 335 East 45th Street, 
New York City, 10017. Name the resource letter requested. 

Resource Letter SL-1 on Science and Literature , prepared by Marjorie Nicolson, has 
many references that are appropriate to Unit II. Another scheduled for publication in 
1966 or 1967 is Resource Letter on Collateral Reading in Physics Courses, prepared by 
Alfred Bork of Reed College. 
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November, March, June. Annual subscrip- 
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on all levels. 

Scientific American , 2 West 45th Street, 
New York 17, N.Y. ^Monthly . Subscription 
$6.00 annually. 

Written by scientists for teachers, 
students and the lay reader. Covers 
entire field of science. Offprints 
of certain articles are available 
from W. H. Freeman and Company, 
San Francisco 4, California. 



Fiction about Science and Scientists 

Buck, Pearl S., Command the Morning , 
Day.. 19 59 . 

This book uses fictitious characters 
but traces actual events in its portrayal 
of the scientists who, in Chicago on 
December 2, 1942, ushered in the atomic 
age by producing the first self-sustaining 
chain reaction. Ranging from Chicago to 
Oak Ridge and from Washington to Los 
Alamos, the novel emphasizes the changes 
in the private and professional lives of 
persons burdened with awesome responsi- 
bility and gnawing guilt. 

Colby, Merle E., Big Secret , Viking, 
1949. 

A picture of Washington life and poli- 
tics, as an idealistic young scientist, 
Daniel Upstead, fights for scientific 
freedom against the pressure groups 
threatening to forbid or defeat atomic 
research. 

Cronin, A. J., The Citadel , Little Brown, 
1959. 

The story of the career of a doctor, 
from his start in a mining town in Wales, 
♦*o a London practice. After years of 
struggle against mediocrity and indif- 
ference, he decided to capitalize on 
personal charm and make money. But suc- 
cess meant forgetting honor and ideals, 
and brought estrangement from a gallant 
wife, until a tragic error brought him 
to his senses. 

Ehrlich, Max S., The Big Ev e, Doubleday, 
1949. 

1960 is marked by strange happenings 
throu9hout the world for which Russia is 
blamed and war is a question of minutes. 
At Palomar, Dr. Dawson, checked by inter- 
nationally famous astronomers, announces 
the coming of a new planet Y which will 
overtake the earth and the world in 1962 
at Christmas, The story of how our uni- 
verse adjusts to the idea, of how peace 
becomes, for a little while, permanent, 
and prosperity and global good will come 
into their own, packs a surprise finish. 

Lewis, Sinclair, Arrowsmit h, Harcourt, 
1949. 

Sinclair Lewis follows Martin Arrow- 
smith, a born seeker and experimentalist, 
from medical f .hool through experiences 
as a general country practitioner, as 
health officer and clinician, as fighter 
of a plague on a West Indian island, and 
finally as director of a medical insti- 
tute. His first wife is both playmate 
and helpmate, who ministers to his genius 
and puts up with his egotism. His second 
wife, rich and exacting, tries to make 
him into a fashionable scientist. The 
book leaves Arrowsmith in the Vermont 
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woods with a fellow-spirit working as an 
independent researcher . 

Master, Dexter, The Accident, Knopf, 
1955. 

This novel about the making and using 
of the atomic bomb takes place during 
the eight days it took Louis Saxl to die. 
He didn't want to die, but an experiment 
had gone wrong, and there was an accident. 
Was it avoidable? in the search for an 
answer, Louis's life is laid bare. 

Menen, Aubrey, The Fig T ree, Scribner, 
1960. 

A Nobel Prize-winning scientist goes 
to Italy to continue his experiments on 
a substance that will increase the size 
and yield of plant life. The plant be- 
comes an aphrodisiac v;hen injected with 
this substance. The moral issue involves 
aovernment ministers and the Vatican 
Sacred College of Cardinals before beinq 
resolved . 

Shelley, Mary W. , Frankenstein , Associated 
Booksellers, 196^1 

Not really a "ironster" story, but a 
troubling inquiry into some serious is- 
sues relating to science. 

Snow, C. P., The Affair , Scribners, 1960. 

The Affair depicts the struggle be- 
tween two physicists, both of whom are 
claiming credit for an important dis- 
covery. The dispute is complicated by 
the fact that one of them holds unpopular 
political views. 

Snow, C. P., The New Men , Scribners, 
1955. ~ 

The "new" men are a group of nuclear 
scientists and government officials 
working in England during World War II. 
The author recounts the excitements and 
dangers and the conflicts between the 



scientists and bureaucrats. The increas 
ing moral concern is of particular in- 
terest.. 

Snow, C. P., The Search , Scribners, 1959 

The story of a crystallographer , of 
his rise from indigence to eminence and 
of his eventual turning away from sci- 
ence. 

Stevenson, Robert F., Dr. Jekyll and 
Mr. Hyde , Dutton, 1767"! 

The classic tale of a scientist who 
"splits" the human psyche. 

Walter, William G., Curve of the Snow - 
flake , Morton, 1956"; 

The novel is concerned with an ador- 
able woman and three men who are in love 
with her, and with tlieir experiences as 
members of an extraordinary team of 
eminent scientists who live and v;ork to- 
gether for the greater glory of mankind. 
It is concerned with a submarine that 
flies, the first manned earth satellite 
and the snowflake curve. But the heart 
of the matter is a journey into the fu- 
ture, as far as the year 2056, in a time 
machine that owes much to the possibili- 
ties inherent in the snowflr> , diagram. 

Wilson, Mitchell, Meeting at a Far Merid- 
ian , Pocket Books, 1962. 

An American scientist is invited to 
participate in a crucial experiment with 
a Soviet scientist. 



Plays about Science and Scientists 

Brecht, Bertolt, The Life of Galileo, 
1952. 

Durrenmatt, Friedrich, The Physicis ts, 
Grove, 1^64. 

Kingsley, Sidney, Yellowback. 

Shaw, George Bernard, The Doctor's Di - 
lemma , Penguin, 1906. 
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Retrograde Film Strip 



Film Strip - Retrograde Motion of Mars 



FILM STRIP - Retrograde Motion of Mars 



When to View This Strip ; Because 
photographs are the most honest evi- 
dence we have of the actual retro- 
grade motions of Mars (and Jupiter) , 
the strip should be shown as soon as 
motions of the planets are mentioned • 
It should be seen before the film 
loop (10a) on retrograde motions 
(made by animation) is presented. 

The Photographs ; The frames were 
made from unre touched 4x5 inch 
contact print of sections of the 
original (8 x 10 inch) photographs. 
The photographs were taken with the 
short-focus camera (focal length 6 
inches) shown in one of the first 
frames. Because Mars was never in 
the center of the field, but some- 
times almost at the edge, the star 
images show distortions from limita- 
tions of the camera lens. During 
each exposure the camera was driven 
by a clockwork to follow the western 
motion of the stars and hold their 
images fixed cn the photographic 
plate. Because the sky was less 
clear on some nights and the expos- 
ures varied somewhat in duration, 
the images of the stars and planets 
are not of equal brightness on all 
pictures. However, some of the 
frames show beautiful pictures of 
the Milky Way in Taurus (1943) and 
Gemini (1945). 

These three series of photographs 
were selected as the most extensive 
available for recent oppositions of 
Mars. The photographs were taken a 
part of the routine Harvard Sky 
Patrol, and were not made especially 
to show Mars. The planet just hap- 
pened to be in the star fields being 
photographed. 



You should view this film strip before 
viewing Film Loop 10a on retrograde mo- 
tions. The film loop is done by anima- 
tion, but the film strip shows actual 
photographs of the night sky. 

Photographs of the positions of Mars, 
from the files of the Harvard College 
Observatory, are shown for three opposi- 
tions of Mars, in 1941, 1943, and 1946. 

The first series of twelve frames 
shows the positions of Mars before and 
after the opposition of October 10, 1941. 
The series begins with a photograph on 
August 3, 1941 and ends with one on 
December 6, 1941. 

The second series shows positions of 
Mars before and after the opposition of 
December 5, 1943, beginning October 28 
and anding February 19, 1944- 

The third set of eleven pictures, 
showing Mars during 1945-46 around the 
opposition of January 14, 1946, begins 
with October 16, 1945 and ends with 
February 23, 1946. 

Uses: 

a) The star fields for each series 
of frames have been carefully posi- 
tioned so that the background star 
positions are nearly identical in 
each frame- If you flick the frames 
of each series through the projector 
in rapid succession, the stars will 
be seen as stationary on the screen, 
while the motion of Mars among the 
stars is quite apparent - 

b) You can project the frames on a 
paper screen and mark the positions 
of various stars and Mars- If you 
adjust the star positions for each 
frame to match the positions of the 
previous frame, the positions of Mars 
can be marked for the various dates. 
By drawing a continuous line through 
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A This loop helps define retrograde 
motion. The term stands for the 
westward motion (to the right on the 
screen) of the planets. Note that 
Mercury, and Venus also have retro- 
grade motions similar to those of 
the other planets. 

The representation of a point 
source by a disk is not entirely 
without reason. Because of the wave 
natwe of light, the image of a star 
is spread out into a diffraction 
disk which appears larger for brighter 
stars . 

Although the enlarged images of 
the animation shows Mercury's mo- 
tion to be across the lower part of 
the sun's disk, this did not actually 
happen in 1963. However, such trans- 
its of Mercury across the face of the 
sun are not uncommon; they always oc- 
cur in May or November, at the times 
when inferior conjunction (Mercury 
between the earth and sun) comes at 
the same time that Mercury is in 
ascending node or descending node. 
Transits of Mercury occurred, and 
will occur, o*-* the following dates: 



1953 
1957 
1960 
1970 
1973 
1986 



Nov. 14 
May 5 
Nov. 7 
May 8 
Nov. 9 
Nov. 12 



its retrograde motion, Mercury passes 
between the earth and the sun (inferior 
conjunction) . 

2, Motion of Mars starting October 17, 
1962, with time markers at 10-day inter- 
vals. The retrograde motion occurs 
around the time when Mars passes through 
opposition. The field of view includes 
parts of the constellations Leo and Can- 
cer; the cluster at the upper right is 
Praesepe (the Beehive) , faintly visible 
to the naked eye on a moonless night. 

You can use the time markers to deter- 
mine the approximate date of the opposi- 
tion of Mars (center of the retrograde- 
portion) . 



FILM LOOP 10 Retrograde Motion - Geocentric 
Model 

Using a specially-constructed large 
"epicycle machine" as a model of the 
Ptolemaic system, the film shows the mo- 
tion around the earth of a planet such 
as Mars . 



Opposition occurs about 11 time 
intervals after the start of the se- 
quence; this is 110 days later than 
Oct. 17, i.e., about Feb. 4, 1963. 
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Note the changes in apparent bright- 
ness and angular size of the globe as it 
sweeps close to the camera. While the 
actual planets show no disk to the unaided 
eye and appear as points of light, cer- 
tainly a marked change in brightness 
would be expected. This was, however, 
not considered in the Ptolemaic system, 
which focussed only upon the timetable 
of the angular motions and positions in 
the sky. 
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As it revolved about the center of 
motion, the camera was kept pointing 
in a fixed direction by means of a 
system of gears and belts. 



FILM LOOP n Retrograde Motion- 
Heiiocentric ModeF" 

The machine used in Loop 10 was reas- 
sembled to give a heliocentric model with 
the earth and the planet moving in concen 
trie circles around the sun. The earth 
(represented by a light blue globe) is 
seen to pass inside a slower moving outer 
planet such as Mars (represented by a 
white globe) , The sun is represented by 
a yellow globe. 

Then the earth is replaced by a camera 
having a field about 25*» wide, which 
points in a fixed direction in space. 
The arrow attached to the camera shows 
this fixed direction, (As in Loop 10, 
we are ignoring the daily rotation of 
the earth on its axis and are concentra- 
ting on the motion of the planet relative 
to the sun and the fixed stars,) 

Several scenes are shown. Each scene 
is viewed first from above, then viewed 
along the plane of motion. Retrograde 
motion occurs whenever Mars is in opposi- 
tion; this means that Mars is opposite 
the sun as viewed from the earth . But 
not all these oppositions take place 
when Mars is in the sector toward which 
the camera points. 



The actual interval between oppo- 
sitions varies between 767 days and 
798 days, because the orbits of Mars 
and the earth are ellipses, not cir- 
cles* 



1- Mars is in opposition; retrograde 
motion takes place, 

2, The time between oppositions averages 
about 2,1 years. The film shows that the 
earth moves about 2,1 times around its 
orbit (2,1 years) between one opposition 
and the next one. You can, if you wish, 
calculate this value, using the length of 
the year (sidereal period) which is 365 
days for the earth and 687 days-^for Mars, 
This is the "chase problem" discussed on 
page 31 of Unit 2, 

In one day the earth moves 1/365 of 
360*», Mars moves 1/687 of 360o, and the 
motion of the earth relative to Mars is 
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(1/365 - 1/687) of 360^. But 1/365 - 
1/687 = 0.00274 - 0.00146 = 0.00128 = 
1/780. Thus in one day the earth gets 
ahead of Mars by 1/780 of 360*; it will 
take 780 days for the earth to catch up 
to Mars again. The "phase period" of 
Mars is, therefore, 780 days, or 2.14 
years. This is an average value. 

3. The view from the moving earth is 
shown for a period of time greater than 
1 year. First the sun is seen in direct 
motion, then Mars comes to opposition 
and undergoes a retrograde motion loop, 
and finally we see the sun again in 
direct motion. 

Note the changes in apparent size and 
brightness of the globe representing the 
planet when it is nearest the earth (in 
opposition). Viewed with the naked eye. 
Mars does in fact show a large variation 
in brightness (ratio of 50:1). The 
angular size also varies as predicted by 
the model, although the disk of Mars, 
like that of all the planets, can be seen 
only with telescopic aid. The heliocen- 
tric model illustrated in this film is 
simpler than the geocentric model of 
Ptolemy, and it does give the main fea- 
tures observed for Mars and the other 
planets: retrograde motion and variation 
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Some of the finer details of the 
motion of Mars are related to the 
planet's rather strongly elliptical 
orbit (eccentricity 0.093 compared 
with 0.017 for the earth's orbit). 
Some oppositions are more "favorable" 
(i.e., closer) than are others. Fig. 
1 shows that the closest oppositions 
occur if the earth is at A (in late 
August); a little over 2 years later 
the next opposition is not so close 
(earth a B, in November). The fol- 
lowing distances illustrate these 
points: Most favorable opposition 
AA' = 35,000,000 milas; least favor- 
able opposition, CC = 63,000,000 
miles' least favorable superior con- 
junction, AC' = 249,000,000 miles. 
The model used in the film is based 
on the approximation of circular or- 
bits. 



Film Loops 

in brightness. However, detailed numeri- 
cal agreement between theory and observa- 
tion cannot be obtained using circular 
orbits. With the proposal by Kepler of 
elliptical orbits, better agreement with 
observation v/as finally obtained, using 
a modified heliocentric system. 
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The purpose of the loop is to give 
students a feeling for the motion of 
a celestial body— in this case, a 
satellite of Jupiter moving under the 
influence of gravitational force. The 
loop is primarily intended for quali- 
tative use. However, some simple 
measurements of period and size of 
orbit can help a student appreciate 
the nature of astronomical observa- 
tions in a "real" situation. 

Jupiter was in opposition on Jan. 
20, 1967, and was therefore closest 
to the earth (at about 4.2 astronomi- 
cal units) and maintaining a relatively 
constant size as viewed froia day to 
day. The entire orbit could not be 
photographed, because on Feb. 8, 
1967 (when the missing part of the 
orbit was being traversed by lo) the 
image was blurred because of high- 
altitude jet streams in the earth's 
atmosphere. The next return of lo to 
this part of its orbit during darkness 
in Arizona was on Feb. 24, and by then 
Jupiter would have been farther away 
and its image would have been smaller. 
Also, use of a large telescope must 
be tightly scheduled, and our project 
had already used major amounts of 
telescope time on 7 nights. For all 
these reasons, we settled for a film 
showing 847o of a complete orbit, in- 
cluding all the portions needed for 
calculations to be made by students. 

Exposures were for 4 sec on 35mm 
black and white film of the type used 
for aerial mapping and reconnaissance. 
A green filter (Wratten 58) was used 
to give maximum sharpness of the 
images. A decision was made to use 
the best exposure to show the satel- 
lites, thus overexposing the image of 
the disk of Jupiter. For this reason, 
the surface markings due to atmospheric 
storms on Jupiter are only glimpsed 
occasionally, during moments of haze 
or cloudiness. 



FILM LOOP 12 Jupiter Satellite Orbit 

The mnemost of the four larqest 
satellites of Jupiter, discovered by 
Galileo m 1610,, is lo, which moves m a 
circular orbit with a period of 4 2*^ 28""'. 
The film shov;s most of the orbit of lo 
m time- lapse photography done at t:^.e 
Lowell Observatory m Flagstaff, Arizona, 
using a 24-inch refractor (Fig. 1). Ex- 
posures were made at l-mmute intervals 




Fig. 1 



during seven different nights early in 
1967, The orbit had to be photographed 
in segments for an obvious reason: the 
rotation of the earth caused Jupiter to 
rise and set, and also, of course, caused 
interruptions due to daylight periods. 

First, the film shows one segment of 
the orbit just as it was photographed at 
the focal piano of the telescope; a clock 
shows the passage of time. Due to small 
errors in guiding the telescope and also 
atmospheric turbulence, the highly mag- 
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nified images of Jupiter and its satel- 
lites dance about. To remove this 
unsteadiness, each of the images of Ju- 
piter — over 2100 of them — was optically 
reprinted at the center of the frame, 
and the clock was masked out. The films 
with stabilized images were then joined 
together to give a continuous record of 
the motion of satellite I (lo) . Some 
variation in the brightness of the satel- 
lites was caused by occasional light haze 
or cloudiness. 
Table 1 

Satellites of Jupiter 

Radius Eccen- 

of tricity 
Orbit of Diameter 
Name Period (mi) orbit (mi) 

I lo l"^ 18^ 28"^ 262,000 0.0000 2,000 

II Europa 3^^ 13^ IA'" 417,000 0.0003 1,800 

III Ganymede 7^^ 3^ 43"" 666,000 0.0015 3,100 

IV Callisto 16"^ 16^ 32^" 1,171,000 0.0075 2,800 



rig. 1 



I 



The four Galilean satellites are listed 
in Table 1. On Feb. 3, i967, Lney had 
the configuration shown in Fig. 2. The 
satellites move nearly in a plane which 
we view almost edge-on; thus they seem 
to move back and forth along a line. 
The field of view is large enough to in- 
clude the entire orbits of I and II, but 
III and IV are outside the camera field 
when they are farthest from Jupiter. 
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Fig. 3 

The seven segments of film were spliced 
together as indicated in Fig. 3 to give 
a synthesis of the motion of satellite I 
(lo) . For example, the position of I in 
the last frame of the Jan. 29 segment 
matches the position of I in the first 
frame of the Feb. 7 segment. However, 
since these were photographed 9 days 
apart, the other three satellites had 
moved varying distances around their 
orbits. Therefore, when viewing the 
film you will see satellites II, III 
and IV "pop in" and "pop out" while the 
image of I remains in a continuous path. 
Marking lines have been added to help 
you identify lo when each new section of 
film begins. Fix your attention on the 
steady motion of I and ignore the comings 
and goings of the other satellites. 

Here are some interesting features that 
you can see when viewing the film: 

a) At the start of the film, I is al- 
most stationary at the right side of 
the camera field (it is almost at its 
greatest eastern elongation — see Fig. 
2) ; satellite II is moving toward the 
left and overtakes I. 

b) As I moves toward the left it pas- 
ses in front of Jupiter and becomes 
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invisible for a while. This is called 
a transit . Satellite III (Ganymede, 
the largest of the satellites) also 
has a transit o*- about the same time. 
Also, II moves toward the right and 
disappears behind Jupiter (this is 
called an occultation ) . It is a very 
active scenel Figure 4 shows these 
three satellites at the start of this 
segment; satellite IV is out of the 
picture, far to the right of Jupiter. 



During transit the satellites are 
invisible to us in this film; but 
they actually remain visible if a 
large telescope is used. 



Fig. 4 

If you look closely during the transit 
period, you can see the shadow of 
Ganymede and perhaps that of lo, on 
the left part of the surface of Ju- 
piter. 

c) Near the end of the film loop, I 
(moving toward the right) disappears 

at D in Fig. 5 as an occultation be- 
gins. Look for its reappearance — it 
emerges from an eclipse and suddenly 
appears in space at a point E to the 
right of Jupiter. 

d) The image of Jupiter is not a per- 
fect circle. Just as for the earth, 
the rotation of the planet on its axis 
causes it to flatten at the poles and 
bulge at the equator. The effect is 
quite noticeable for Jupiter, which 

is large and has a rapid rotation 
period of about 9^ SS"^. The equatorial 



The flattening of Jupiter is about 
1/15, compared with the tlattening or 
1/330 for t <5 earth. The centripetal 
force at jquator is mv = mrw^, 
so the eii:< c depends on r as well as 
on 0), the angular velocity of rota- 
tion of the planet. For Jupiter, r 
is 11.2 times that of the earth, ando) 
is 2.42 times that of the earth* The 
centrifugal field (artificial gravity 
tending to lift a mass off the sur- 
face) is, therefore, (11.2)(2.42r 
as much, i.e. 64 times as great on 
Jupiter as on the earth. 
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In measurement of T and R, a cir- A 
cular orbit is assumed. lo's orbit is 
perhaps the most nearly circular one 
known in all of astronomy (see Table 
1). A student may raise the point 
that the earth is not infinitely far 
away, hence the points B and D are 
not on parallel lines tangent to Jupi- 
ter. This makes the observed time 
interval slightly less than half a 
revolution. The effect is negligibly 
small, as seen from the following 
analysis (for clarity. Fig. 1 has not 




SfiRTH 
Fig. 1 (not to scale) 

been drawn to scale): The two angles 
a are equal (similar right triangles), 
Then we have 



hence 



02= ot+ (}). 



02 - 01 =20 = 2 (89 X 103 

^ 1 ^ ^4.2 X 93 X 106 mi^ 

= 4.6 X 10"^ radian. The discrepancy 
in time is found, using the period of 
revolution which is 42.5 hours, or 
1.53 X 10-^sec: 



AT = (4.6 X 10"^ rad)0 



1.53 X 10^ sec 



2 TT rad 

= 11 {;ec of real time. In the film, 
this corresponds to rnly 0.01 sec of 
apparent time. 



•) 



By going through these calculations, 
even approximately, the student can 
see how powerful Newton's law of 
gravitation and the laws of motion 
are; his own observations from the 
film tell him something about the 
density of Jupiter and the sun. 

The simple measurement of orbit 
radius outlined in the student notes 
is even 



diameter is 89,200 miles and the polar 
diameter is 83,400 miles. Occasional- 
ly you may notice the broad bands of 
clouds on Jupiter, but generally the 
pictures are too overexposed to show 
the bands. 

SH^^pJuJ or 




7Z> 'T-.^W 
Fig. 5 



Measurements 



You can make two measurements from 
this film and from them find your own 
value for the mass of Jupiter. 

1' Period of orbit . Use a clock or 
watch with a sweep second hand to time 
the motion of the satellite between 
points B and D (Fig. 5) . This is half a 
revolution, so in this way you can get 
the period, in apparent seconds. To 
convert to real time, use the speed-up 
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factor. Since film was exposed at 1 
frame/minute and is projected at 18 
frames/sec, the speed-up factor is 18 x 
60, or 1080. (For a rrore precise value, 
calibrate your projector. A punch mark 
at the start of the loop gives a flash 
of light as it passes the lens. Measure 
the time interval between two flashes. 
Divide the total number of frames in the 
loop by the time interval to get the num- 
ber of frames/sec for your projector.) 
In this way obtain the period T for one 
complete revolution of the satellite. 
How does your result compare with the 
value listed in Table 1? 

2. Radius of orbit . Project the 
film on a piece of paper and mark the two 
extreme positions of the satellite, when 
it is farthest to the right (at A) and 
farthest to the left (at C) . This gives 
the diameter of the orbit. To convert 

to miles, use the fact that Jupiter's 
equatorial diameter is 89,200 miles (about 
11 times that of the earth) . Now you can 
find the radius R of the satellite's or- 
Dit, in miles. How does your measurement 
compare with the value listed in Table 1? 

3. Mass of Jupiter . You can use your^ 
previous calculations to find the mass of 
Jupiter relative to that of the sun (a 
similar calculation based on the satellite 
Callisto is given in Sec. 8.15 of the 
text) . How does your experimental result 
compare with the accepted value, which 

is nij/mg = 1/1048? 
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better: in Fig. 2. x = R to better 
than 1 part in 10^. 

A As discussed in Sec. 8.15 of the 
text, the mass of the sun and the 
mass of Jupiter are related as fol- 
lows: 



/!ear 



R \ 
earth *s orbit X 

s orbit / 



earth (1 year) 

r J 

lo around JupiterV 

The student knows the values for the 
earth's orbit, and he has measured 
the values for Io*s orbit. Hence he 
can calculate the ratio of the mass 
of the sun to that of Jupiter. Using 
values from Table 1 (similar to the 
ones the student will obtain by meas- 
urement of the film), we have 

°^ / 93 X 10^mi\ 3 / 42.5hr V 
mj \ 262 X io3 mi/ \ 365 x 24 hr / 

= (355)^ X (0.00486)2 = 1050 

There is still more meat in these 
student measurements. If a student 
wishes to go further, he can now cal- 
culate the density of Jupiter relative 
to that of the sun, or that of the 
earth. The volumes are proportional 
to the cubes of the diameters, and 
the ratio of masses has been found. 
The average diameter of Jupiter is 
86,300 mi; that of the sun is 
864,000 mi. The result is that 
Jupiter's density relative to that of 
the sun is (1/1048) (864,000/86,300)^ = 
0.95. Thus Jupiter is only slightly 
less dense than the sun. The actual 
densities in gm/cm3 , based on knowl- 
edge of the gravitational constant G 
(see Sec. 8.16) are: earth, 5.52; 
sun, 1.42; Jupiter, 1.34. 
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Some teachers or students will 
have access to a computer. For their 
interest and possible use, we repro- 
duce the actual prototype program 
used in the two Program Orbit loops. 
The program is written in Fortran. 



See Student Handbook p. 57 
for the actual program. 



Film Loops 

FILM LOOP 13 Program Orbit I 

This film is the first in a series in 
which a computer is used to help us 
understand the applications of Newton's 
laws to planetary motions. We use a 
computer for two reasons. First, the 
.burden of calculation is removed, so we 
can immediately see the effect of a 
change in the data or in the assumed 
force law. Second, computers are a part 
of contemporary culture, so it is impor- 
tant to learn what a computer can do and 
cannot do. 

A student is plotting the orbit of a 
planet, as in Experiment 20, stepwise 
Approximation to an Orbit (Fig. 1). 
While the student is work:.ng, his teacher 
is preparing the computer program for 
the same problem by punching a set of 
cards. Then the computer is fed the pro- 
gram and instructed to solve the problem. 

The computer's output can be presented 
in many ways. A table of X and Y values 
can be typed or printed. For a more 
easily interpreted display, the computer 
output is fed to an X-Y plotter, which 
prints a graph from the table of values. 
This X-Y plot is similar to the hand- 
constructed graph made by the student. 
The computer output can also be shown 
visually on a cathode-ray tube (CRT) . 
The CRT display will be used in Loop 14. 

Let us compare the work of the student 
and that of the computer. The studenc 
chooses an initial position and velocity. 
Then he calculates the force on the plan- 
et from the inverse-square law of gravita- 
tion; then he imagines a "blow" to be 
applied toward the sun, and uses Newton's 
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the duration and size of its retrograde 
loop. Average values are listed in 
Table 5.1 of the text for comparison. 

The opposition dates for Jupiter were: 

1941 - Dec. 8 1944 - Feb. 11 

1942 - None 1945 - Mar. 13 

1943 - Jan. 11 1946 Apr. 13 

A 

FILM LOOP 10a Retrograde Motion of r^-^rcury 
and Mars, shown by > Animation 

This film shows the retrograde motions 
of Mercury and Mars which are pictured 
in Fig. 5.7 of the text. The animation 
shows a background of fixed stars. Al- 
though no star except \:he sun is close 
enough for us to see as a visible disk 
even with the largest telescopes, to show 
the differences in magnitude small disks 
are used whose sizes are related to the 
brightness of the stars. (The same is 
true in Fig. 5.7.) 

1. Motion of Mercury and Sun starting 
April 16/ 1963/ with time markers at 5- 
day intervals. The field of view includes 
portions of the constellations of Aries 
and Taurus; the familiar group of stars 
called the Pleiades cluster is at the 
upper left of the picture. The sun's 
motion is steadily eastward (to the left) 
due to the earth's orbital motion. During 




Fig. 1 



laws of motion to calculate how far and 
in what direction the planet moves. 

'The computer does exactly the same 
steps. The initial values of X and Y 
are selected and also the initial jm- 
ponents of velocity XVEL and YVEL. (We 
are b'^ginning to use computer terminology 
here; XVEL is the name of a single vari- 
able, rather than a product ot four! The 
computer "language" we will use is 
FORTRAN.) The FORTRAN program (repre- 
sented by the stack of punched cards) 
consists of the "rules of the game" — 
which are the laws of motion and the law 
of gravitation. The "dialogue" between 
operator and computer takes place after 
the program has been stored in the com- 



are concentrating on the motion of the 
planet relative to the fixed stars.) 
For an observer viewing the stars and 
planets from a stationary earth, this 
would be equivalent to looking always 
toward one constellation of the zodiac 
(ecliptic) ; for instance, toward Sagit- 
tarius or toward Taurus. With the camera 
located at the center of motion the 
planet, represented by a white globe, is 
seen along the plane of motion. A 
planet's retrograde motion does not al- 
ways occur at the same place in the sky, 
so not all retrograde motions are visible 
in any chosen direction. 

Several examples of retrograde motion 
are shown. In interpreting these scenes, 
imagine that you are facing south, look- 
ing upward toward the selected constella- 
tion. East is on your left, and west is 
on. your right. The direct motion of the 
planet, relative to the fixed stars, is 
eastward, i.e., toward the left. First 
we see a retrograde motion which occurs 
at the selected direction (this is the 
direction in which the camera points) . 
Then we see a series of three retrograde 
motions; smaller bulbs and slower speeds 
are used to simulate the effect of view- 
ing from greater distances. 
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The dialogue for trial 1 is as follows: 
(the series of dots at the end of a ma- 
chine statement represent a request for 
data) : 

(machine) 

PROGRAM HAS NOW BEEN TRANSLATED INTO 
MACHINE INSTRUCTIONS 

PROGRAM ORBIT 
SUBROUTINE GRAPH 
READY 

(operator) 
YES 

GIVE ME INITIAL POSITION IN AU. ,. 

X = 4. 
Y = 0. 

GIVE ME INITIAL VELOCITY IN AU/YR 

XVEL = 0. 
YVEL = 2. 

GIVE ME CALCULATION STEP IN DAYS 

60. 



GIVE ME NUMBER OF STEPS FOR EACH POINT 
PLOTTED 



GIVE ME DISPLAY MODE 

X-Y PLOTTER. 
We see that the orbit displayed on the 
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FiLM LOOP 14 Program Orbit II 

This is a continuation of Loop 13. 
We were left with the feeling that the 
orbit of trial 1 failed to close because 
the blows were spaced too far apart. A 
direct way to test this would be to cal- 
culate the orbit using many more blows — 
but to do this by hand would require 
much more pencil-pushing and a lot of 
time . Now we see one way in which a com- 
puter quickly solves a complex problem. 
The operator merely needs to change the 
dialogue slightly, giving a smaller in- 
terval between the calculated points. 
The laws of motion are the same as be- 
fore, so the same program is used; only 
the dialogue is different. A portion of 
the new dialogue for trial 2 is as fol- 
lows : 

READY. . . 

YES 

GIVE ME INITIAL POSITION IN A'J 

X = 4. 
Y = 0. 

GIVE ME INITIAL VELOCITY IN AU/YR 

XVEL = 0. 
YVEL = 2. 

GIVE ME CALCULATION STEP IN DAYS 

3. 

GIVE ME NUMBER OF STEPS FOR EACH POINT 
PLOTTED 

7. 

GIVE ME DISPLAY MODE 

X-Y PLOTTER. 

Note that only minor changes in the dia- 
logue have been made. Points are now 
calculated every 3 days (20 times as 
many calculations as for trial 1) , and 
only 1 out of 7 of the calculated points 
are plotted (to avoid a graph that is 
crowded with too many points). 
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The final instruction can also be 
modified to obtain a display on the face 
of the cathode-ray tube which exactly 
duplicates the X-Y plotter display: 

GIVE ME DISPLAY MODE. . . . 

CRT 

The CRT display has the advantage of 
speed and flexibility; plotted points 
can be erased if desired (as in Loop 17, 
on perturbations). On the other hand, 
the permanent record afforded by the 
X-Y plotter is more convenient and has 
better precision than a photographic 
record of a CRT display. 

We will use the CRT display in the 
other films in this series, Loops 15, 
16 and 17. 

FILM LOOP 15 Central Forces (Computer 
Program) ~ 

Section 8.4 of the text shows that a 
body acted on by a central force will 
move in such a way that Kepler's law of 
areas applies. It doesn't matter whether 
the force is constant or variable, or 
whether the force is attractive or re- 
pulsive. The law of areas is a necessary 
consequence of the fact that the force 
is central, directed toward or away from 
a point. The proof in Sec. 8.4 follows 
that of Newton in the Principia. 

The initial scene in the film shows a 
dry-ice puck bouncing on a circulai- 
bumper. This is one way in which a cen- 
tral force can be visualized as demon- 
strating the motion of a body under the 
action of repeated blows of equal dura- 
tion, all directed toward a center. The 
rest of the film is made by photographing 
the face of a CRT which displays the out- 
put of a computer. 

It is important to realize the role 
of the computer program: it controls 
the change in direction and change in 
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speed of the "mass" as a result of a 
"blow." This is how the computer program 
uses Newton's laws of motion to predict 
the result of applying a brief impulsive 
force, or blow. The program remains the 
same for all parts of the loop, just as 
Newton *s laws remain the Scune during all 
experiments in a laboratory. However, 
at one plarce in the progreun the operator 
must specify how he wants the force to 
vary with the distance from the central 
point. The basic program (laws of na- 
ture) remains the same throughout. 




fig. 1 

1. Random blows . The photograph 
(Fig. 1) shows part of the motion of the 
mass as blows are repeatedly applied at 
equal time intervals. No one decided in 
advance which blows to use; the progrcun 
merely told the computer to select a 
number at random to represent the 
magnitude of the blow. The directions 
toward or away from the center were also 
selected at random, although a slight 
preference for attractive blows was built 
in so the pattern would, on the whole. 
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An easy way for the student to 
test the constancy of the areas is to 
calculate the products, (base) x 
(height), which are twice the areas. 
There is no need to divide hy 2 each 
time* 



Be sure the student understands the 
two ways in which elliptical orbits 
can arise from a central force. The 
ellipse with the sun at the center 
(instead of at one focus) would re- 
quire a force which increases with 
distance (P = kR), obviously not a 
reasonable form for a law of gravi- 
tation. As pointed out in the stu- 
dent notes for Loop 17, the only 
inverse power law which gives closed 
(repeating) orbits not passing 
through the sun is an inverse -square 
law of gravitational force. 
176 



stay on the face of the CRT. Study the 
photograph. How many blows were attract- 
ive? How many were repulsive? Were any 
blows so small as to be negligible? 

You can see if the law of areas ap- 
plies to this random motion. Project the 
film on a piece of paper, mark the cen- 
ter and mark the points where the blows 
were applied. Now measure the areas of 
the triangles. Does the moving mass 
sweep over equal areas in equal time in- 
tervals? 

2* Force proportional to distance . 
Perhaps your teacher has demonstrated 
such a force by showing the motion of a 
weight on a long string. If the weight 
is pulled back and released with a side- 
ways shove, it moves in an elliptical 
orbit with the force center (lowest point) 
at the center of the ellipse. Notice 
in the film how the force is largest 
where the distance from the center is 
greatest. The computer shows how a rela- 
tively smooth orbit is built up by having 
the blows come at shorter time intervals. 
In 2a, only 4 blows are used to describe 
an entire orbit; in 2b there are 9 blows, 
and in 2c, 20 blows give a good approxi- 
mation to the ellipse that would be ob- 
tained if the force acted continuously. 

3 . Inverse-square force . Finally , 
the same program is used for two planets 
simultaneously, but this time with a 
force which varies inversely as the 
square of the distance from the center 
of force. Notice how the force on each 
planet depends on the distance from the 
sun. For these ellipses, the sun is at 
one focus (Kepler's first law), not at 
the center of the ellipse. 

In this loop, the computer has done 
for us what we could do for ourselves* 
(using Newton's laws) if we had great 
patience and plenty of time. The com- 
puter reacts so quickly that we can change 
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the conditions rather easily, and thus 
investigate many different cases and dis- 
play the results as a diagram. And it 
makes fewer errors than a personl 

FILM LOOP 16 Kepler's Laws for Two Planets 
(Computer Program) 

The computer program described in the 
notes for Loop 15 was used to display the 
motion of two planets.. According to this 
program, each planet was acted on at 
equal time intervals by an impulsive 
force of "blows" of equal duration, di- 
rected toward a center (the sun) The 
force exerted by the two planets on each 
other is ignored in this program. In 
using the program, the operator selected 
a force law in which the force varied 
inversely as the square of the distance 
from the sun (Newton's law of universal 
gravitation) , Figure 1 (taken from Loop 
15 on central forces) shows the two plan- 
ets and the forces acting on them. For 





Fig, 1 

clarity, the forces are not shown in this 
loop. The initial positions and initial 
velocities for the planets were selected, 
and the positions of the planets were 
shown on the face of the cathode-ray 
tube at regular intervals, (Only repre- 
sentative points are shown, although 
many more points were calculated in be- 
tween those that were displayed.) This 
procedure is illustrated in more detail 
in the notes for Loops 13 and 14, The 
film is spliced into an endless loop. 



In order to obtain an endless loop, 
the periods had to be commensurable. 
Therefore the initial positions and 
velocities had to be related in a 
certain way. In niaking this loop, 
the operator set the initial posi- 
tions; the computer calculated and 
set the initial velocities in such 
a way that the periods would be in a 
3:2 ratio. 
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Both orbits are considerably more 

eccentric than the orbits of any of 

the major planets • The eccentricities 

of the program orbits are: Inner 

planet, 0.69; outer planet, 0.43. 

Since the Inner planet"s orbit Is the 

most eccentric, It may offer a more 

Interesting test of Kepler's first 

law. A simple way for the student to 

measure the eccentricity e Is from 

R - R 

the equation e = r^^ 

R 4. R 
ap^ P 

where R Is the aphelion distance 
ap 

from the sun, and R^ Is the perihelion 
distance from the sun. 



each planet's motion being repeated in- 
definitely . 

You can check all three of Kepler's 
laws by projecting this film on a sheet 
of paper and marking the position of each 
planet at each of the displayed orbit 
points. The law of areas is checked im- 
mediately, by drawing suitable triangles 
and measuring their areas. For example, 
you can check the constancy of the areas 
swept over at three places; near peri- 
helion, near aphelion and at a point ap- 
proximately midway between perihelion 
and aphelion. 

To check Kepler's law of periods 
(third law) , use a ruler to measure the 
distances of perihelion and aphelion for 
each orbit. To measure the periods of 
revolution, use a clock or watch with a 
sweep second hand;, an alternative method 
is to count the number of plotted points 
in each orbit. 

To check the first law, you must see 
if the orbit is an ellipse with the sun 
at one focus. Perhaps as good a way 
as any would be to use a string and 
two thumb tacks to draw an ellipse. On 
a large copy of the projected orbit of 
either planet, locate the empty focus, 
point S', which is symmetrical with 
respect to the sun's position S. Tie 
a piece of string in a loop which will 
just extend from P to S' and back again, 
and place the loop around the thumb 
tacks (Fig. 2) . Then put your pencil 




Fig. 2 
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\ point in the loop and draw the ellipse, 

always keeping the string taut. How well 
does this ellipse (drawn assuming Kep- 
ler's first law) match the observed orbit 
of the planet? 

You may think that these are not mea- 
surements in the true sense of the word;, 
after all, didn't the computer "know" 
about Kepler's laws and display the or- 
bits accordingly? Not so — the computer 
"knew" (through the program we gave it) 
only Newton *s laws of motion and the in- 
verse-square law of gravitation. What 
we are measuring here is whether these 
laws of mechanics have as their conse- 
quence the Kepler laws which describe, 
but do not explain, the planetary orbits. 
This is exactly what Newton did, but 
without the aid of a computer to do the 
routine work. Our procedure in its es- 
sentials is the same as Newton* s, and 
our results are as strong as his. 



FILM LOOP 17 Perturbation 

The word "perturbation" refers to a 
small force which slightly disturbs the 
motion of a celestial body. For example, 
the planet Neptune was discovered be- 
cause of its gravitational pull on Uran- 
us. The main force on Uranus is the 
gravitational pull of the sun, and the 
force exerted on it by Neptune is a 
perturbation which changes the orbit of 
Uranus very slightly. By working back- 
ward, astron->mers were able to predict 
the position and mass of the unknown 
planet from its small ef-^ect on the orbit 
of Uranus. This specta. Lar "astronomy 
of the invisible" was rightly regarded 
as a triumph for the Newtonian law of 
universal gravitation. 

A typical result of perturbations is 
that a planet *s orbit rotates slowly, 
always remaining in the same plane. 
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Fig. Kb) 

This effect is called the advance of 
perihelion, illustrated in Fig, 1, The 
earth is closest to the sun about Jan, 3 
each year; but the perihelion point is 
slowly advancing. This slow rotation of 
the earth *s orbit (not to be confused 
with the precession of the direction of 
the earth's axis) is due to th^ combined 
effect of many perturbations: small 
gravitational forces of the other planets 
(chiefly Jupiter) , and the retarding 
force of friction due to dust in the 
space through which the earth moves, 
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Mercury's perihelion advances at the 
rate of more than 500 seconds of arc per 
century. Most of this was fully explained 
by perturbations due to Newtonian me- 
chanics, the inverse-square law of gravi- 
tation and the attractions of the other 
planets. However, about 43 seconds per 
century remained unaccounted for. These 
43 seconds are crucial;, we cannot sweep 
them under the rug any more than Kepler 
could ignore the 8 minutes' discrepancy 
of the position of Mars as calculated on 
the circular-orbit theory (see Sec, 7,1), 
When Einstein re-examined the nature of 
space and time in developing the theory 
of relativity, he found a slight modifica- 
tion of the Newtonian gravitational theo- 
ry. As discussed at the end of Sec. 8.18, 
relativity theory is important for bodies 
moving at high speeds and/or near large 
masses. Mercury's orbit is closest to 
the sun and therefore is most affected by 
Einstein's extension of the law . gravi- 
tation.. The relativity theory was suc- 
cessful in explaining the extra 43 seconds 
per century of advance of Mercury *s peri- 
helion, but recently this "success" has 
again been questioned. 

In this film we use a modification of 
the program which is described in the 
notes to Loop 15 (central forces) . The 
force on the mass is still a central 
one, but no longer an exact inverse-square 
force . 

The first sequence shows the advance 
of perihelion caused by a small force 
proportional to the distance R. This 
perturbation is added to the usual in- 
verse-square force. The dialogue between 
operator and computer starts ^'as follows 
(the dots at the end of machine state- 
ments represent requests for data) : 



The subject of the advance of 
Mercury's perihelion has recently 
been reopened, for recent evidence 
indicates that the perturbation due 
to the sun's elliptical shape is very 
slightly different from the previously 
accepted value. This would change the 
amount of the discrepancy by about 4 
seconds, so the relativity prediction 
of 43 seconds would no longer be in 
exact agreement with the revised 
amount of the discrepancy. It is 
possible, of course, that still other 
components of the perturbation have 
larger experimental error than pre- 
viously assumed. 
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As a special case, a circular orbit 
Is possible for arr^ attractive force 
law, for then R Is constant and so Is 
the force. But such an orbit Is not 
stable; any deviation from an exactly 
circular orbit v7ould give rise to a 
catastrophic orbit (unless the force 
Is inverse-square)* 



(machine) 

PROGRAM HAS NOW BEEN TRANSLATED INTO 
MACHINE INSTRUCTIONS 

PROGRAM PRECES 
SUBROUTINE GRAPH 

READY 

(operator) 
YES 

PRECESSION PROGRAM WILL USE 

ACCEL = G/(R*R) + P*R 
GIVE ME PERTURBATION P 

P = .66666 

GIVE ME INITIAL POSITION IN AU 

X = 2. 
Y = 0. 

GIVE ME INITIAL VELOCITY IN AU/YR 

XVEL = 0. 
YVEL = 3. 

GIVE ME CALCULATION STEP iL DAYS 

(etc.) 

In this dialogue the symbol * means mul- 
tiplication; thus G/(R*R) is the inverse- 
square force, and P*R is the perturbixig 
force, proportional to R. 

In the second sequence, the inverse- 
square force law is replaced by an in- 
verse-cube law. The dialogue includes 
the following: 

READY 

YES 

GIVE ME POWER OF FORCE LAW 
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THANK YOU. PROGRAM WILL USE 

ACCEL = G/(R*R*R) 
GIVE ME INITIAL POSITION IN AU 

X = 1. 
Y = 0. 

GIVE ME INITIAL VELOCITY IN AU/YR 

XVEL = 0. 
YVEL = 6.2832 

GIVE ME CALCULATION STEP IN DAYS 

(etc.) 

The orbit resulting from the inverse- 
cube attractive force is not a closed 
one. The planet spirals into the sun in 
a "catastropnic" orbit. As the planet 
approaches the sun it speeds up (law of 
areas) ; for this reason the last few 
plotted points are separated by a large 
fraction of a revolution. 

Our use of the computer is, indeed, 
experimental science; we are able to see 
what would happen if the force law 
changes, but we retain the "rules of the 
game" expressed by Newton *s laws of mo- 
tion. 

Problem 

An astronomer claims that he has es- 
timated the mass of an invisible star 
which is one member of a binary pair. 

a) What measurements would he need 
for such an estimation? 

b) How would he have proceeded from 
the measurements to his estimation? 
Outline the steps he must have fol- 
lowed. 
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The displayed points are calculated 
at equal time intervals. From con- 
servation of angular momentum the 
product of moment of inertia (I = mr^) 
and angular speed w must remain con- 
stant. Then r^w = constant, and 
wocl/r . 



See Student Handbook p. 57 for 
an example of a computer program. 
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Suggested Answers to Unit 2 Tests 
Test A 



ITEM 

1 

2 

3 

4 

5 

6 

7 

8 

S 
10 
11 
12 
13 
14 



ANSWER 

C 
A 
C 
C 
E 
A 
D 
A 
E 
B 
B 
E 
D 
E 
A 



SECTION 
OF UNIT 

5.4 
5,6 
8,7 
7,1 
7. 8 
8-7 
7-4 
8,5 
5,7 
6.4 
6.8 
1.5 
8.3 
5.7 
8.6 



PROPORTION OF TEST 
SAMPLE ANSWERING 
ITEM CORRECTLY 

0.71 

0.98 

0.74 
0.60 
0.67 
0.50 
0.86 
0.26 
0.75 
0.77 
0.67 
0.79 
0.76 
0.64 
0.68 



•r 
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Group I 

1. Sections of Unit: 5.7, 6.1-6.4 

Ptolemy applied geometry in an attempt to explain the retrograde motion of planets 

Copernicus proposed a sun-centered system in which the earth's orbit replaced the 
epicycles in the motions of the other planets. 

2. Section of Unit: 8.15 

The gravitational force of attraction between mj and Mj, 
and m2 and M2 caused the beam holding mi and m2 to twist about 
the vertical axis. Cavendish calibrated the force required to 
twist the vertical supporting wire and thus determined F 



■ grav 



3. Section of Unit: 5.6 




stars 




Mercury will orbit completely in 
the same time as the earth covers 
1/4 of its orbit. 

As the earth moves from Ej to E2 
the line of sight to Mercury goes 
generally westward from Mj to M2. 
But as the earth moves from E2 to 
E3 the line of sight to Mercury 
goes generally eastward from M2 
to M3. 



4. Sections of Unit: Ch. 5 and 6 



Although nature may be validly observed and described from all frames of 
reference, a particular phenomenon may appear simpler when viewed from a certain 
frame of reference. When observed from a heliocentric frame of reference rather 
than a geocentric frame of reference the motions of planets do appear more simple. 



5. Section of Unit: 5.1 



Each day the sun rises above the horizon on the eastern side of the sky and 
sets on the western side. At noon the sun is highest above the horizon. From 
July through November the noon height of the sun above the horizon decreases. 
Near December 22 the sun's height at noon is at a minimum. From January into 
June the sun's height at noon slowly increases. About June 21 the sun's height 
at noon is at a maximum. 
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Group II 

6 . Sections of Unit: 8.6-8.9 

The word "falling" is used in describing the motion of the moon relative to the 
earth in the same sense as it is used to describe the motion of an object, for ex- 
ample a ball, falling freely near the earth's surface. 

The explanation of this statement should involve discussion of at least the 
following points: 

a) the acceleration of the moon towards the earth as compared to the acceleration 
of an object falling freely near the earth's surface, 

b) the nature of the force accelerating both the moon and the freely falling 
object towards the earth. 

7 . Sections of Unit: 8.3, 8.5 
Given: F « ^2 / ^ ~ 5 



Derive: 



T 2 R 3 
e e 



From geometry 



R D 

R D 

e e 



-E = ^ P P = P P 

% 1 a T 2 a T 2 
2 e e e e 



But since F « ^2 and F = ma, then a « ~2 



2 



So ^ = 



or 



R_ 1 

R^^ • *e "e *e 



e ±_2 . T.2 R 3 T.2 
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Suggested Answers to Unit 2 Tests 
Test B 



ITEM ANSWER SECTION 

OF UNIT 



1 


A 


1.4 


2 


B 


7.1 


3 


D 


6.8 


4 


D 


5.7 


5 


C 


7,1 


6 


A 


6.6-6.8 


7 


E 


7.8 


8 


C 


5.7 


9 


C 


8.7 


10 


A 


8.5 


11 


E 


8.6 


12 


B 


8.19 


13 


C 


7.5 


14 


C 


Unit I 


15 


B 


7.8 
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!♦ Section of Unit: 5»1 and astronomy laboratory 

The sun moves eastward by about I*' per day relative to the stars. It completes 
one revolution through the stars in one year. There is an observable north-south 
oscillation completed in one year alj'o. The path among the stars is called the 
ecliptic. 

OR a star chart 

0 



Sept. June March Dec, Sept. 

2. Sections of Unit: 5.6, 5.7, 6.4, 6.6 

If the earth is at rest, one would not expect a stellar parallax, and indeed 
it was not observed until well into the nineteenth century. If the earth moves 
around the sun, then one should observe a parallax unless the stars are too far 
away. Opponents of Copernicus used the absence of a parallax as an argument 
against his theory, and were not convinced that the stars could be far enough to 
account for the absence of a parallactic shift. 

3. Section of Unit: 8.7 

Let mj be the mass of the earth, m2 the mass of a falling body. 
Gm jm2 

Then F = m2a = 

Gm| 

Therefore a does not depend upon m2, the mass of the falling body. 

4. Sections of Unit: 7.10, 7.11 

The answer could be yes, no, or somewhere between, depending upon the point of 
view taken. There were some rational criteria used. For example, the absence of 
stellar parallax is a reason^ble argument against the heliocentric theory. However, 
religious and philosophical beliefs played a large role, and many people refused 
even to consider new theories on their own merits. One possible scientific cri- 
terion of the time was agreement with observations. For the most part the scho- 
lastics would not even consider the observations, but at that time scientific 
criteria were nebulous if not inadequate. There was no conclusive way to judge 
the relative merits of the competing theories at the time. 




Answers 
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5. Sections of Unit: 8.5 and 8,6 
a) Fg « mass of planet/ 

Since the mass of planet A equals the mass of planet B, and since the radius 
of planet A is greater than the radius of planet B, then F on the surface of B 
is greater than F^ on the surface of A. ^ 

^ ^ V _ ^B _ 1 
V ^ ^ " -A^ ^ ^ 
' V 

Group II 

6. General 



Galileo 

a) first of modern scientists — experimentation and thought experiments 

b) gave kinematic description of freely falling bodies 

c) used teleacope to gather evidence in support of heliocentric system 

d) helped popularize the Copemican point of view through writings 

Kepler 

a) three laws gave a kinematic description of the solar system 

b) helped to make heliocentric theory description more simple than geocentric 
model 

c) first to break away from Plato's uniform circular motion 

d) three laws were used by Newton in his search for a force law of gravitatioi 
Newton 

a) three laws of motion 

b) synthesized terrestrial and celestial theories of motion 

c) developed gravitational force law 

d) universal law of gravitation 

e) Principia and "Rules of Reasoning in Philosophy" 
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Sections of Unit: 5*1, 6,3, 6.4 

a) Yes and no* It could have been simpler if it had not used combinations of 
circular motions. 

It was in fair agreement with observations, 

b) Agreement with observations was about the same for both theories. 
The Copernican theory eliminated the major epicycle of the Ptolemaic 
theory, but it was not clear that this was a simplification. Actually , 
the Copernican theory seemed in its components to be very complicated 
because it upset very fundamental beliefs without resolving these problems 
satisfactorily. Some of Copernicus* contemporaries regarded religious 
knowledge through teachings or >e Bible as facts which must be accounted 
for in a satisfactory theory, whereas we would not regard Biblical quotations 
as evidence. 



191 



Answers 
Test C 



Suggested Answers to Unit 2 Tests 
Test C 



ITEM 


ANSWER 


SECTION 
OF UNIT 


SAMPLE ANSWERING 
ITEM C 3RRECTT V 


ITEM 


ANSWER 


SECTION 
OF UNIT 


PROPORTION OF TEST 
SAMPLE ANSWERING 
ITEM CORRECTLY 


1 


A 


5.6 


0 .93 


21 


n 


Q 1 Q 


0 . 86 


2 


E 


5.1 


0 .70 


22 




o c 


0 . 46 


3 


E 


6*4 


0 .77 


23 


n 


3 . / 


0. 37 


4 


B 


7*8 


0 .76 


24 


D 
O 




0 .59 


5 


C 


5*3 


0.79 


25 




0 . / 


0.63 


6 


B 


8*6 


0 .74 


26 




0.3 


0 . 36 


7 


A 


6*4 


0 .54 


27 


£ 


0 . O 


0 . 58 


8 


B 


6.7 


u . / o 


28 


D 


5.3 


0.57 


9 


B 


8.13 


0.84 


29 


C 


5.7 


0.68 


10 


B 


7.4 


0.63 


30 


C 


7.5 


0.44 


11 


B 


6.3 


0.67 


31 


C 


7.5 


0.33 


12 


E 


8.14 


0.58 


32 


B 


8.19 


0.91 


13 


D 


6.7 


0.88 


33 


D 


8.5 


0.51 


14 


E 


5.4 


0.75 


34 


D 


8.0 


0.90 


15 


D 


7.4 


0.92 


35 


B 


8.6 


0.65 


16 


E 


8.4 


0.80 


36 


C 


8.3 


0.64 


17 


A 


8.6 


0.73 


37 


E 


7.5 


0.69 


18 


A 


7.5 


0.85 


38 


B 


8.4 


0.57 


19 


C 


7.5 


0.64 


39 


C 


8.7 


0.65 


20 


A 


6.1 


0.74 


40 


C 


7.6 


0.54 



ERIC 



192 



Test D 



Suggested Answers to Unit 2 Tests 
Test D 

1. Sections of Unit: 7.2-7.5, 8.1-8.9 

Kepler produced a new geometrical theory based on three empirical laws to 
explain Tycho Brahe*s astronomical observations. 

Newton produced a theory of universal gravitation that explained the dynamics 
of planetary motion by uniting Kepler's laws and terrestrial gravitation. 

2. Sections of Unit: 8.2, 8.3, 8.5, 8.6 

His synthesis brought together the work of Galileo and Kepler along with his 
own to build a system of dynamics which described the motion of all bodies. It 
synthesized the laws of motions of both terrestrial and celestial objects. 

3. Section of Unit: 7.1 

Ptolemy and Copernicus both used Plato's assumption of uniform circular motion, 
Kepler was the first to abandon this assumption. He constructed the orbits directly 
and determined that the orbits were ellipses. 

4. Section of Unit: 7.5 



t2 


= ka^ 


T 2 


a 3 


s 


_ s 


T 2 




e 






93 






12 


~ 13 


T 


= 9^/2 = 



or 



T 2 = ka 3 
s s 



k = 1 4i£M) 



(astronomical unit) 3 



= 729 (yr)2 



= 27 yr. 



100 
75 

new tons 50 

25 
0 



earth's gravitational 
attraction (ma ) dis- 
tance from the^center 
of the earth. 



R 2R 3R 4R 

distance from center 
of earth 



earth's gravitational attraction 
(ma_) vs distance from the center 
of the earth. 
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6. Chapter 5 

a) The motion of a planet appears sometimes to reverse its original direction 
with respect to the fixed stars. 

b) heliocentric model: a planet more distant from the sun than the earth will 
have a smaller period. As the earth laps the planet, the apparent motion 
of the planet changes direction, 

east 




Geocentric model; a planet would be 
traveling along an epicycle. Therefore 
an orbit around the earth might look 
something like the diagram at right. 

From Pj to P2 and P3 to the planet 
tends to move eastward across the sky. 
From P2 to P3 it appears to move west- 
ward in retrograde. 

7. Section of Unit: 8.7 



Generally eastward from Ej to E14 
and westward from to Eq, then 
eastward again. 
See p. 17 of Unit II. 



west 



eas 




a) Newton chose B 

b) If Mp 0 as a limit, F is non-zero in case A and infinite in case C, 
both of which are not sensible. 



Another argument 
Sun 



Two planets stuck together 



The force on two planets stuck together should be the sum of the forces on each 
planet. F = M^^ + M would not predict this: 



Fi + F2 cc (M^ + M^) + (M + M ) 
s p s p 

F12 « M + (2M ) 
s p 



Fj + F2 ?^ F 



12 



M 



di mi larly for F « -£ . 

M 
P 
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8. Section of Unit: 5.7 
Yes and no. 

The theory was not as simple as the one we use today, but given the philosoph- 
ical conditions of the time, it was as simple as possible. (e.g., earth at center 
and uniform circular motion). Even modem theory rests on firmly held beliefs. 
The theory agreed pretty well with most observations • One exception was that the 
moon, according to Ptolemy, should change apparent size by a factor of two. 

An alternative approach would be that it did not satisfy the criteria because 
it was a reconciliation of observation with the religious-scholastic concern of 
the importance of man and his earth. At the time Ptolemy was too burdened with 
the belief that the purpose of all motion was the divinity of man. 
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Motion 

central force, 39 

earth, 87 

inertial, 38 

moon, 32 

stfrs, 32 

sun, 32 
Mountain on moon, 72 
Multi-media 

daily plan, 4 

schedule, 5, 6 
Mythologies, 33 

Naked-eye astronomy, 10, 58 
Newton, 38, 39, 41, 118 
Node, 132 
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Spacecraft, 79 
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Surveyor I, 79 
Symmetry, 36 
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Witchcraft trial. 
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